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Abstract 
The rapidly growing population and fast urbanisation have increased the demand for 
new infrastructure although the land suitable for construction is getting scarce, 
especially in urban areas. As a result, constructions on land around coastal regions, 
river estuaries and marshy areas, which consist of deep soft clay deposits previously 
considered unsuitable, have become popular increasing the demand for fast-track and 
economical soft ground improvement techniques. One such technique is Deep 
Cement Mixing (DCM). It is one of the most popular soft ground improvement 
techniques used in practice, as it is an economical, reliable, fast and sustainable 
compared to many other techniques such as piling, stone columns, sand compaction 
columns, lime stabilisation and consolidation based approaches. However, obtaining 
the target design strength in the field is highly challenging in DCM technology due 
to the spatial variability of mechanical properties of DCM soil and the post peak 
strain-softening nature shown by cement treated soils. The inherent variability of 
natural soil, fluctuations of mixing conditions and curing conditions are the main 
reasons for variable mechanical properties of DCM soil. Usually, the embankments 
supported by DCM improved ground are overdesigned in order to avoid the risk of 
uncertainty. Most often, the overdesign factor is decided based on the engineering 
judgement and it does not ensure a good reliability level of the embankment. Early 
yielding of localized weak zones in the DCM improved foundation system can cause 
the foundation to fail under different failure modes which were not anticipated 
during design. On the other hand, it is not feasible to check the design for all the 
possible failure modes in a deterministic design. In this context, a probabilistic 
analysis on the performance of the embankment can provide a valuable insight into 
the reliability. A systematic investigation on the influence of the strength variability 
on the reliability of embankments will enhance the confidence of the design. It is 
also important in establishing the quality control criteria for the DCM column-
improved ground.  
The research work presented in this thesis begins with a study on the post-yield 
strain-softening behaviour of isolated DCM soil specimens. The consolidation 
behaviour of DCM soil specimens was numerically simulated using a strain-
softening incorporated constitutive model. The results indicated that the numerical 
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model can accurately predict the performance of DCM soil beyond yielding. Then 
the behaviour of highway embankments improved using DCM technique and loaded 
in the post-yield region was simulated using 3D and 2D numerical models. The 
conversion into a plane-strain model based on the equivalent area approach was 
identified as the best approach to simplify a 3D problem when DCM columns 
experience post-yield softening. Next, the efficiency of different DCM column 
configurations on preventing post-yield softening and improving the performance of 
embankments constructed on soft soil deposits was investigated. DCM wall type 
improvement, individual DCM columns arranged in a square pattern, individual 
DCM columns arranged in a triangular pattern, T-shaped DCM columns and 
application of geosynthetic reinforcement were evaluated under this section.  
Finally, a reliability analysis of a DCM column-improved embankment and a DCM 
wall improved embankment were carried out using 2D-EA finite element models 
incorporating strain-softening behaviour and spatial variability of DCM columns. 
Application of reliability based design to address strength variability of natural soil 
has been extensively discussed in the literature. However, applications of this theory 
on DCM soil improved embankments are limited. The performance of DCM column-
supported embankments as a whole system while considering the influence of 
strength variability has not been investigated in detail in the published literature.  
Studies that incorporate strain-softening behaviour, which is a key characteristic of 
DCM improved ground along with the spatial variability are currently not available. 
This thesis presents a comprehensive investigation into the significance of strength 
variability of DCM improved embankments on assuring their reliability levels. In 
this research, the spatial variability of strength properties of DCM soil is 
incorporated into finite element simulations along with the strain-softening 
behaviour of DCM soil. This provides the most realistic predictions for the 
performance of embankments including their deformations and failure pattern. The 
findings of this research investigation enhance the current knowledge on deep 
cement mixed improved embankments to a great extent.  
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Chapter 1 
1 Introduction 
1.1 Background 
Construction over soft clay soils is unavoidable these days, even though they incur 
many difficulties, due to increased demand for urban development projects to 
accommodate the rapidly growing population. The fast industrial development is 
another contributing factor demanding more and more infrastructure such as roads, 
railways, bridges, dams, retaining structures, water tanks etc. This has eventually 
caused land, a scarce resource and thus expensive. As a result, most of the previously 
disregarded land areas such as soft soil deposits, low lands, river estuaries and 
coastal areas are now being utilised for construction activities in many large cities 
around the world.   
Countermeasures generally adopted to overcome poor soil conditions, are numerous. 
However, all those methods can be represented under two main categories; deep 
foundations and soil improvement (Porbaha 1998). The technique of deep 
foundations includes all the pilling methods ranging through various installation 
techniques and different materials. Soil improvement techniques are based on the 
improvement of the performance of in situ soils. Each improvement method is a 
combination of one or more of the following concepts; (1) densification, (2) 
solidification, (3) dewatering, (4) reinforcement and (5) modification. Compaction, 
vertical drains, surcharging, vacuum consolidation, reinforcement with geosynthetic, 
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staged construction, thermal treatment and admixture stabilization are popular 
methods among traditional soil improvement techniques. Due to less involvement of 
heavy machinery and simple process of implementation, these improvement 
techniques are usually cost-effective compared to deep foundations. Therefore, in 
practice, deep foundations are used to support structures only when soil 
improvement methods cannot provide adequate support. For light weight structures 
such as road embankments and low rise buildings, soil improvement methods are 
generally a suitable option. However, ground improvement methods that are clearly 
based on consolidation require a long duration to achieve the target strength in soil 
and time is an additional indirect cost for the construction industry. Furthermore, 
when consolidation based methods are utilised, ground is subjected to large 
settlements and this may cause damages to nearby buildings. Obviously, 
consolidation based ground improvement methods are useful for some projects due 
to low cost. However, other ground improvement techniques such as Deep Cement 
Mixed columns, Controlled Modulus Columns and reinforcement with geosynthetic 
can be more beneficial for a wide range of applications. Therefore introducing new 
ground improvement methods and suggestions for improvements to the existing 
ground improvement methods are extremely important and have a great demand 
from geotechnical engineers dealing with constructions over soft ground.   
Deep Cement Mixing (DCM) is one of the ground improvement techniques which is 
not based on the consolidation and suitable to fast-track infrastructure projects. The 
following two sections, Section 1.1 and Section 1.2, provide a brief introduction to 
the DCM technology and the fundamental mechanical behaviour of DCM soil. 
Section 1.4 investigates the strength variability observed in DCM soil, which is the 
main focus of the work carried out in this thesis. Section 1.5 outlines the need of 
carrying out reliability analysis and suitability of reliability based design for DCM 
soil to ensure the safety of structures constructed over DCM improved ground.  
1.2 Deep cement mixing technique 
Deep mixing method is one of the ground improvement techniques, which is quite 
young but has spread all over the world; United States, South Asia, Japan and Nordic 
countries (Bruce and Cali 2005; Miura et al. 2001; Porbaha 1998; Terashi 2003). The 
basic concept of deep mixing is to modify the poor quality soil by in situ mixing of 
stabilizing agents. Due to the stabilization, the adverse characteristics of the in situ 
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soft soils are modified and a stable ground with improved bearing capacity and 
settlement characteristics is formed (Bergado et al. 2006; Eskisar 2015; Horpibulsuk 
et al. 2012b; Lee and Lee 2002; Okyay and Dias 2010).  
Producing deep mixed soil in situ is a complex process consisting of a number of 
stages and many factors govern the quality of the product. The three main stages 
involved are; intrusion of the mixing tool, dispersion of binder and molecular 
diffusion (Larsson 2003). Deep mixing method has more advantages than many 
traditional soil improvement techniques (Lemaire et al. 2013; Okyay and Dias 2010; 
Porbaha 1998; Terashi 2003). The dominant advantage of deep mixing method is the 
high speed of construction because there is no need to wait after construction to 
complete the consolidation of the improved ground (Porbaha 1998). Furthermore, it 
generates low noise and vibration, and therefore environmentally favourable for 
urban areas. Economical competence is, however, depending on the location which is 
a yardstick of equipment, material and labour availability and the details of the 
project (Rutherford 2005). There is no requirement to import soil to the site, no 
generation of waste during the construction and no ground contamination are some 
other benefits offered by the deep mixing method.  
There is a variety of stabilizers used along with the deep mixing technique, such as 
cementitious materials: cement and lime, fly ash, chemical reagents and biological 
agents (Afrin 2017; Euro Soil Stab 2002; Porbaha 1998; Sariosseiri and Muhunthan 
2009; Sarkar et al. 2012). Accordingly, each sub-technique of deep mixing method is 
specifically identified by its own name and the term “deep cement mixing (DCM)” 
denotes the process where cement is used as the stabiliser.  
Cement stabilization technique is widely used in fast-track infrastructure projects as 
it develops a short-term resistance as well as a long-term resistance whereas the other 
pozzolanic reactors predominantly provide a long-term effect (Lemaire et al. 2013). 
At the same time, cement is applicable for a wide range of soils (Bruce and Cali 
2005; Lee and Lee 2002; Lemaire et al. 2013; Okyay and Dias 2010). New and 
stronger bonds develop between soil particles as a result of cement hydration, 
creating a strong structure in the material (Eskisar 2015; Horpibulsuk et al. 2012b; 
Lorenzo and Bergado 2006; Porbaha et al. 2000). When cementation bonds are 
developed in the soil, its mechanical properties get altered and improve the bearing 
capacity of the soil. The compressive strength of the improved soil lies in between 
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natural soil and concrete and is approximately in the order of 0.5 - 1 MPa as shown 
in Figure 1-1 (Rutherford 2005; Terashi 2003). Shear strength, elastic modulus and 
vibration resistance are also enhanced in DCM improved soils (Lorenzo and Bergado 
2006; Porbaha et al. 1998; Sariosseiri and Muhunthan 2009).  
 
Figure 1-1: Strength comparison (Rutherford 2005) 
DCM columns are widely adopted in upgrading founding soils for lightweight 
structures such as embankments, bridge abutments and water tanks. A diverse range 
of DCM configurations in the form of columns, walls, blocks or grids is used in 
embankment foundations depending on the geometry of the improved area, land 
availability and the degree of improvement required for a particular project (Bruce 
and Cali 2005; Porbaha 1998; Porbaha et al. 1998; Terashi 2003). DCM column 
groups are a widely used soil improvement configuration. The structures are 
supported by groups of DCM columns in order to prevent differential settlement and 
maintain the overall stability. According to Terashi (2003), by the end of the last 
century, 60% of on-land embankment foundation improvements in Japan were 
constructed using groups of treated soil columns. DCM column type improvement is 
cost effective and very suitable for ground improvement underneath embankments 
(Porbaha 1998). The other configurations such as walls, blocks and grids are 
effective respectively in resisting horizontal loads, large vertical loads and to 
improve the ground against soil liquefaction.  
1.3 Mechanical behaviour of DCM soil 
The compressive strength of DCM soil is provided by two main components; 
cementation bonds and clay fabric (Eskisar 2015; Lemaire et al. 2013). The artificial 
cementation bonds are of brittle nature and do not resist large strains. At the yield 
point, when the strains are very large, these artificial cementation bonds start to 
break down resulting a reduction in compressive strength, shear strength and friction 
angle (Chew et al. 2004; Horpibulsuk et al. 2010; Lee and Lee 2002). The reduction 
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of strength with increasing strain is known as strain-softening of the soil. When the 
cementation bonds are fully disturbed, the strength of soil is only provided by the 
clay fabric. Therefore, the DCM soil will finally reach a minimum strength which is 
same as the strength of unimproved natural soil. This ultimate strength after 
complete softening is known as the residual strength of DCM soil.  
In a DCM column-improved embankment system, most of the embankment load is 
carried by the DCM columns, which are stiffer than the surrounding natural soil. 
However, when the DCM columns start to yield, the column strength reduces and the 
embankment loads that were previously acting over DCM columns transfer back to 
the natural soil (Horpibulsuk et al. 2012a; Wijerathna et al. 2016). This causes 
excessive loads on natural soil and therefore large deformations in the system. It also 
causes an increase of pore water pressures in the natural soil, which subsequently 
increase the consolidation time.  
Generally, DCM columns are designed to not to yield under the applied loads. 
Therefore, the mechanical behaviour of DCM soil is usually modelled using the 
elasto-plastic Mohr coulomb model (Chai et al. 2015; Han et al. 2005; Jamsawang et 
al. 2015; Lai et al. 2006). However, incorporating strain-softening behaviour of 
DCM columns in numerical model is important to accurately detect the possibility of 
column yielding and to pre-assess the severity of adverse effects of embankment 
failure. So far, in the literature, few material models have been developed to model 
the post-yield strain-softening behaviour of DCM columns (Horpibulsuk et al. 2010; 
Lee et al. 2004; Nova et al. 2003; Yapage et al. 2015). Not much research effort has 
been expended to investigate the performance and failure behaviour of DCM 
column-improved embankments beyond yielding, except the research carried out by 
Yapage et al. (2015) and Yapage et al. (2014). 
1.4 Strength variability in deep cement mixed soil  
Even though deep cement mixing is a well-developed ground improvement 
technology, DCM columns are known to have significant variability of properties 
over the material space. Both field measurements and laboratory tests show that 
engineering properties of DCM columns are inconsistent over the material space 
(Holm 2003; Larsson 2003; Srivastava and Babu 2012). According to the literature, 
the coefficient of variation (COV) of DCM soil strength, which is the standard 
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deviation normalized by the mean strength, normally varies from 0.3 to 0.8 (Filz and 
Navin 2010; Kasama et al. 2012; Larsson et al. 2005b). The non-uniformity of in-situ 
mixing is a governing factor for strength variability in DCM columns (Porbaha 2002; 
Terashi 2003). Other factors such as binder properties, binder content, mixing 
energy, mixing process and water content also affect the strength distribution within 
DCM columns. Apart from that, the natural discrepancy exists in the in situ soil prior 
to deep mixing, and curing conditions (temperature and humidity) also contribute to 
the non-uniformity of the treated soil (Babu et al. 2011; Porbaha 2002; Terashi 
2003). 
Many researchers have investigated the strength variability of DCM improved soils 
and have been able to correlate the distribution with arithmetic probability curves. A 
group of studies (Al-Naqshabandy 2011; Navin 2005; Porbaha and Dimillio 2004; 
Scott et al. 2003) have idealized the distribution of strength values into a normal or 
lognormal distribution that can be specified using the standard deviation and the 
mean strength. However, Chen et al. (2014) have rejected the lognormal distribution 
and the normal distribution, and proposed beta distribution as a flexible distribution 
capable of representing strength variability within DCM columns. 
DCM soil strength is a spatially correlated variable rather than a randomly 
distributed variable (Honjo 1982). The spatial correlation lengths calculated for 
DCM soil strength in different projects are reported in many studies (Al-
Naqshabandy et al. 2012a; Kasama et al. 2012; Liu et al. 2015). In summary, 
properties of DCM soil are correlated in different scales and the reported horizontal 
and vertical correlation lengths of DCM soil vary from 0 to 12 m. When compared 
with dimensions of a general embankment, these correlation lengths are relatively 
small. These small correlation lengths suggest that the strength properties of DCM 
soil can gradually vary within a single project resulting localized zones of low 
strengths and high strengths.  
The large strength variability in DCM soils leads to large uncertainty in the 
performance of DCM soil improved structures (Honjo 1982; Kasama et al. 2012; 
Namikawa and Koseki 2013). It may result in unforeseen failure modes and localized 
failure zones which were not anticipated in the design stage.  
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1.5 Reliability-based design 
Geotechnical structures are usually designed using limit equilibrium methods 
assuming uniform material properties in the improved ground. Design engineers tend 
to adopt large overdesign factors in designing DCM column-improved embankments 
to reduce the risk involved with the uncertainty of material properties. A large 
overdesign factor can reduce the risk of unsatisfactory performance of the 
embankment to a certain extent. However, this method does not provide a systematic 
approach to ensure the reliability levels of the embankment and may result in an 
over-conservative design that does not serve the purpose of increasing reliability of 
the embankment. 
Designs carried out assuming uniform material properties (mean or average strength) 
may not appraise the presence of relatively weak zones in the improved ground and 
the probable subsequent failure of the overall embankment. This effect cannot be 
assessed solely by deterministic analysis (Duncan 2000; Möller and Hansson 2008; 
Phoon 2004). Therefore, many studies recommend carrying out reliability analysis of 
DCM soil improved embankments, in addition to the conventional deterministic 
design (Al-Naqshabandy and Larsson 2013; CEN 2002; Larsson and Bergman 2015; 
Porbaha et al. 1999).  
1.6 Research objectives 
The strength variability in DCM soil has been numerically simulated by a number of 
researchers in the past (Kasama et al. 2012; Liu et al. 2017b; Liu et al. 2015; 
Namikawa 2016; Namikawa and Koseki 2013). All these studies highlight the 
importance of establishing the strength field with its spatial correlation 
characteristics when studying the performance of DCM soil improvements. The 
reliability based performance of DCM column-improved ground has been 
investigated only in few studies (Al-Naqshabandy and Larsson 2013; Al-
Naqshabandy et al. 2012b; Huang et al. 2015; Navin 2005; Navin and Filz 2006). Al-
Naqshabandy and Larsson (2013) investigated the effects of uncertainty in the 
strength of lime-cement columns on the slope stability of a lime-cement column-
improved embankment using limit equilibrium methods. Filz and Navin (2006) 
conducted a reliability analysis of a DCM column-improved embankment using both 
numerical and limit equilibrium methods. Huang et al. (2015) conducted a reliability 
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assessment of settlement of a DCM column-improved footing using numerical 
modelling and 1D probability approach. In addition to these studies, Babu et al. 
(2011), Larsson and Bergman (2015) and Al-Naqshabandy et al. (2012a) investigated 
the effects of different sources of uncertainty, on characteristic properties of DCM 
soil. However, none of these studies have considered the effect of strain-softening 
behaviour, spatial variability and composite behaviour of DCM columns and natural 
soil together in a single analysis.  
Technically, deep cement mixed soil is a composite material where soil particles are 
artificially bonded in cementation bonds. The material characteristics of DCM soil 
are unique and placed in between natural soil and concrete or stone columns. 
Therefore, DCM column-improved ground performs differently than the ground 
improved with other piling techniques. The exceptions of DCM soil characteristics 
compared to other piling techniques are; 
• High variability of mechanical properties over the material domain 
• Strain-softening behaviour after yield strain 
• There is a significant contribution from the surrounding soil to load 
bearing mechanism and hence the composite action of DCM column, 
as well as the surrounding soil, should be assessed 
Predicting performance of DCM improved embankments is a challenge due to 
aforementioned impediments. However, all three facts mentioned above are 
necessary to be accounted for a reliable design.  
This thesis presents a comprehensive study on the behaviour of DCM soil improved 
embankments giving consideration to aforementioned challenges. The main purpose 
of this research is to investigate the significance of variability on the performance of 
embankments founded on DCM column groups considering the strain-softening 
behaviour of DCM soil and the real effects of embankment loading on the improved 
ground. Addressing the strain-softening behaviour of DCM soils is important 
because different locations of the material domain will reach the yield stress at 
different times. Then the overall behaviour would deviate from the expected 
behaviour. Therefore, material constitutive model used in the numerical simulation 
should have the ability to model the post-peak strain-softening behaviour with 
reasonable accuracy. The predictions of numerical models cannot be relied upon 
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unless a suitable material constitutive behaviour is introduced for DCM columns. It 
is also important to consider the DCM improved ground as a combination of 
columns and surrounding soil rather than considering it as a uniform material with 
mechanical properties calculated based on an area replacement ratio. When it is 
regarded as a composite ground, the failure modes and load transfer mechanisms are 
different from the case that assumes a uniform soil block.   
The spatial variability of mechanical properties of natural soil is also of significance  
similar to DCM soil. If a structure is directly supported on natural soil, spatial 
variability of properties of the natural soil has a direct influence on the reliability of 
the structure. However, if the ground is improved with DCM, DCM soil attracts 
majority of load due to higher stiffness of DCM soil compared to natural ground. 
Hence, the effects of variability of natural soil on the load transfer mechanism and 
overall stability is minimum. Subsequently, the influence of variability of natural soil 
on the failure mechanism of a DCM column improved ground is also minor. Thus 
the variability of natural soil was not considered in the reliability analysis presented 
in this thesis.  
The objectives of this study in order to accomplish the main aim of this research are; 
• Identification of a suitable material constitutive model to simulate the 
mechanical behaviour of DCM soil 
• A detailed investigation into the performance and failure modes of 
DCM soil improved embankments (DCM column-improved and 
DCM wall improved) considering the strain-softening behaviour of 
DCM soil under deterministic conditions 
• Investigation into the significance of spatial of variability on the 
behaviour of embankments 
• Investigation on the necessity to conduct reliability checks on the 
embankments (improved using different column configurations) 
1.7 Layout of the thesis  
The thesis comprises of eleven chapters. First chapter provides an introduction to the 
thesis and second chapter provides a review of literature related to the topic. Chapter 
3 and Chapter 4 illustrate application of a strain-softening incorporated constitutive 
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model to simulate the DCM column-improved ground. Chapters 5and 6 are dedicated 
to investigate the performance of DCM column-improved embankments using 
deterministic analysis. Chapter 7 presents a reliability based performance analysis of 
a DCM column-improved embankment. Chapters 8 and 9presents the evaluation of 
performance of an embankment improved with DCM wall panels, using 
deterministic analysis and probabilistic analysis, respectively. In Chapter 10, the 
performance of an embankment improved with columns arranged in a triangular grid 
was studied using a full 3D numerical model and simplified models. Chapter 11 
discusses the issues in conversion of numerical models between 2D and 3D when the 
strain softening behaviour is incorporated. The content of each chapter is described 
below in detail.   
Chapter 2: Literature review 
The existing knowledge in literature related to the field of this 
research is reviewed in this chapter. The deep cement mixing 
technology and the mechanical behaviour of DCM soil is briefly 
reviewed first, in this chapter. Then, the physical, analytical and 
numerical models used to investigate the performance of DCM 
column-supported embankments are discussed. Finally, the literature 
relevant to the effects of uncertainty in DCM column design and 
application of the reliability based design concept in geotechnical 
designs are extensively reviewed.  
Chapter 3: Consolidation behaviour of deep cement mixed column-
improved ground during breakage of soil-cement structure 
An investigation of consolidation performance of DCM column-
improved composite ground using strain-softening incorporated 
constitutive model is presented in this chapter. The study shows that 
the strain-softening incorporated material constitutive model used to 
model DCM soil behaviour can well capture the changes in load 
transfer and consolidation beyond yielding of the columns. (The 
research carried out in this chapter is published in Australian 
Geomechanics Journal entitled “Consolidation behaviour of deep 
cement mixed column improved ground during breakage of soil-
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cement structure”). 
Chapter 4: Interaction between deep cement mixed columns and natural 
soil during consolidation 
DCM columns are stiffer than the surrounding natural soil. Thus, 
they attract more loads than the natural soil. DCM soil is also a 
permeable material and significantly contributes to excess pore 
water pressure dissipation. The difference between excess pore 
water pressures within DCM soil and the natural soil can cause 
lateral drainage within the improved ground. This complex 
interaction between the DCM soil and the natural soil is investigated 
in this chapter using the finite element method. Finally, an analytical 
solution for the consolidation behaviour of deep cement mixed 
column-improved ground is proposed. (The research carried out in 
this chapter is published in International Journal of Geomechanics 
entitled “An analytical solution for the consolidation behaviour of 
deep cement mixed column improved ground”). 
Chapter 5: Simplified modelling approaches for DCM column-supported 
embankments experiencing post-yield strain-softening  
The best simplified modelling approach among 2D-EA, 2D-EP, unit 
cell and 3D unit cell for DCM column-improved embankments, 
when incorporating strain-softening behaviour is researched in this 
chapter. All these models tend to give similar predictions in usual 
geotechnical applications. However, different models yield different 
results based on the boundary conditions and the stresses developed 
in columns, when strain-softening behaviour is incorporated. 
Accuracy of predictions from the four simplified models were 
compared using settlements, lateral deformations, vertical stresses, 
pore water pressures and load transfer mechanism. (The research 
carried out in this chapter is published in International Journal of 
Geotechnical Engineering entitled “Simplified modelling 
approaches for DCM column-supported embankments experiencing 
post-yield strain softening”). 
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Chapter 6: Effectiveness of T-shaped DCM column-supported 
embankments in preventing post-yield strain-softening 
T-shaped DCM columns are a good alternative to reduce differential 
settlements in conventional DCM column-improved embankments. 
However, the performance of T-shaped DCM columns in 
comparison with other DCM column configurations such as 
combination of conventional DCM columns and DCM wall panels 
or DCM columns with geosynthetic reinforcement has not been 
studied in detail. The performance of T-shaped DCM columns 
beyond the yield point is also not investigated in the literature so far. 
In this chapter, the utilisation of geosynthetic layers, T-shaped DCM 
columns and DCM wall panels underneath side slopes of the 
embankment in reducing deformations in a highway embankment 
was investigated. (A journal paper was produced based on the 
research carried out in this chapter entitled “Effectiveness of T-
shaped DCM columns in preventing excessive deformations in 
highway embankments” and the manuscript is currently under 
review for the publication in Soils and Foundations journal). 
Chapter 7: Significance of Variability of Deep Cement Mixed Columns on 
the reliability of Column-Supported Embankments 
This chapter investigates the reliability of a DCM column-supported 
embankment considering the spatial variability of mechanical 
properties and strain-softening behaviour. Compressive strength, 
elastic modulus and cohesion of DCM columns were considered as 
stochastic parameters in this study. The analysis was carried out 
using the Monte Carlo method assuming three different conditions 
of spatial variability. The reliability response of the embankment on 
changing coefficient of variation (COV), mean compressive strength 
and the spatial correlation length are discussed. (A journal paper was 
produced based on the research carried out in this chapter entitled 
“Significance of spatial variability of Deep Cement Mixed Columns 
on the reliability of Column Supported Embankments” and the 
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manuscript is currently under review for the publication in 
International Journal of Geomechanics). 
Chapter 8: Performance of embankments over ground improved with DCM 
column walls beneath the side slopes 
When Deep Cement Mixed (DCM) columns are installed attached to 
each other in a wall configuration, the walls are capable of resisting 
bending moments and shear forces in the direction transverse to the 
columns. Therefore, installing DCM walls beneath the embankment 
side slopes perpendicular to the length of the embankment is a 
proper solution to prevent excessive lateral deformations of the 
embankment. This chapter investigates the effectiveness of DCM 
wall panels instead of individual DCM columns underneath side 
slopes resisting lateral deformations. Also, failure patterns of 
embankments where DCM column walls are located beneath the 
slopes are investigated, with respect to DCM wall strength, DCM 
column wall width and the spacing between DCM walls.  
Chapter 9: Effect of spatial variability of strength on the reliability of DCM 
wall improved embankments 
This chapter investigates the reliability of a DCM wall improved 
embankment considering the spatial variability of material 
properties. Variability of compressive strength, elastic modulus and 
cohesion of DCM columns were incorporated into this study. 
Strength variation of the DCM wall was specified using the 
coefficient of variation (COV), mean strength and the spatial 
correlation length, and the reliability was determined using 1500 
Monte Carlo realisations. Two series of reliability analyses were 
conducted assuming an infinite and finite correlation distances. 
Trends in the deformation data response with changing parameters 
in the input strength field were also investigated. (A journal paper 
was produced based on the research carried out in this chapter 
entitled “Significance of spatial variability of Deep Cement Mixed 
Columns on the reliability of Column Supported Embankments” and 
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the manuscript is accepted with minor reviews for the publication in 
Journal of Risk and Uncertainty in Engineering Systems, Part A: 
Civil Engineering (ASCE)). 
Chapter 10: Parameters contributing to the load transfer mechanism in 
geosynthetic reinforced column-supported embankments 
Triangular grids of columns are a newly emerging trend in DCM 
soil improvement method as well as in other piling methods. The 
load transfer mechanism due to soil arching above triangular 
arranged pile grids is studied in this chapter using a 3D numerical 
model. Simplified modelling techniques to represent a triangular 
arrangement of a DCM column or pile grid is proposed in the second 
phase of this chapter. The influence of different parameters on the 
load transfer mechanism within the embankment fill is investigated 
using the proposed 2D plane-strain numerical model. (A journal 
paper was produced based on the research carried out in this chapter 
entitled “Parameters contributing to the load transfer mechanism in 
geosynthetic reinforced column-supported embankments” and the 
manuscript is currently under review for the publication in special 
issue of the Geosynthetics international Journal). 
Chapter 11: Numerical issues in plane-strain idealisation of DCM column-
supported embankments featuring post-yield strain-softening  
Adopting simplified numerical models for 3D geotechnical problems 
is popular among designers and researchers because they save a 
considerable amount of computer memory and time, and the results 
can be obtained with reasonable accuracy. Simplified modelling 
approaches for embankments improved with elastic or elasto-plastic 
columns have been investigated in the literature. However, the 
conversion of numerical models between 3D and 2D models is not 
researched for DCM column-improved embankments when columns 
experience yielding and subjected to post-yield strain-softening. The 
challenges encountered during conversion of a 2D plane-strain 
model of a DCM column-improved embankment in the 3D space are 
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discussed in this chapter. (A journal paper was produced based on 
the research carried out in this chapter entitled “Numerical issues in 
plane-strain and 3D modelling of DCM column-supported 
embankments featuring post-yield strain-softening” and the 
manuscript is ready to submit). 
Chapter 12: Conclusions and Recommendations 
This chapter describes the main conclusions derived from the 
research presented in this thesis. Recommendations for the future 
research that would expand the knowledge in the research field are 
extensively discussed in this chapter.   
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Chapter 2 
2 Literature review 
2.1  Introduction 
Present study is focused on evaluating the performance of DCM column-
supported embankments under deterministic and reliability criteria, while 
considering the post-yield strain-softening behaviour of the cement stabilised soils. 
This chapter provides a discussion on the current knowledge base relevant to the 
present study. The information presented in this chapter is delivered under three main 
sections. The first section is devoted to an overview of the deep cement mixing 
method. The installation technique and the fundamental aspects of the soil cement 
stabilization are presented in this section. The second section contains a review of 
the deterministic analysis of DCM column-supported embankments. The current 
practice of deterministic design and numerical analysis of DCM column-improved 
embankments are discussed in this section. The third section reviews the variability 
of engineering properties of DCM soil and the methods used for the numerical 
representation of variability. Spatial variability incorporated analyses presented in 
the literature are also discussed in detail in this section. 
2.2 Deep cement mixing method 
The treatment of soft soils by mixing stabilizing reagents has originated in the U.S.A 
in 1954. However, coherent research and field applications have been started in 
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Japan and Sweden discretely in late 1960’s. The hardening regent used in the initial 
studies was lime. Deep Cement Mixing came into practice in 1975 and since then, it 
remains popular compared to most of the other binders used along with deep mixing 
technique (Bruce et al. 1998). 
A variety of construction techniques are used to construct deep mixed columns as 
illustrated in Figure 2-1. Each of these methods facilitates usability of deep mixed 
technique for different projects with unique requirements and site conditions. 
Broader descriptions of DCM technology can be found in Porbaha (1998); 
Porbaha et al. (1998); Terashi (2003); Tiwari and Kumawat (2014) and Islam and 
Hashim (2008).  
 
Figure 2-1: Outline of deep cement mixing techniques 
A typical installation cycle of a deep mixed column is shown in Figure 2-2. In 
the first step the deep mixing machine is positioned in the site at the proposed 
column location. Secondly, the shaft is intruded into the ground,  up to the 
commencing depth of the column. The soil column below the shaft is de-
structured up to the required column height in the third step. In the fourth 
step, the shaft penetration is terminated. In this stage, the stabiliser is steadily 
injected to the bottom of t he  column for a defined time period in order to create 
Deep cement 
mixed column 
manufacturing 
Mechanical mixing 
The stabilizer is statically 
added to soil and mixed 
using mixing blades. 
Dry mixing 
Dry cement 
powder is 
added to soil 
Wet mixing  
Cement 
slurry is 
added to soil 
Hybrid method 
Combination of a high 
pressure jet and 
mechanical mixing is 
used. This method is ideal 
to implement large 
diameter columns. 
Presurise mixing 
Binder is mixed with soil 
using energy of 
pressurised jet.  
Inject 
pressurise 
grout only 
Use a mixer 
of pressurise 
grout and 
compressed 
air 
The grout is 
mixed with 
air coated 
water jet 
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the column base. Next step is the withdrawal of the shaft while mixing the 
stabilizer with soil. However, the mixing may take place in the third step, fifth step 
or in both steps depending on the sub-technique adopted.  
 
Figure 2-2: Construction sequence of a deep mixed column (Porbaha et al. 2001) 
As shown in Figure 2-3, different DCM column configurations are used in field 
applications. Each configuration is suitable for specific ground conditions and 
loading types. Group of individual columns is the most suitable geometry type for 
embankments constructed over soft ground. The block or wall configurations are 
required for circumstances, where very high loads are applied on the foundation or 
when the deformations or settlements cannot be allowed in the structure.  If there is 
any potential for liquefaction, the grid configuration is the most suitable (Porbaha 
1998).  
 
Figure 2-3: Different geometrical configurations of deep mixing (Dehghanbanadaki 
et al. 2013) 
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2.2.1 Effects of cement in a soil 
According to Sarkar et al. (2012), cement mixed soil can be described as; 
“a material produced by blending, compacting, and curing a mixture of 
soil/aggregate, portland cement, possibly admixtures including pozzolans and water 
to form a hardened material with specific engineering properties” 
When cement is mixed with soft clay, cement reacts with water in the clay and clay 
minerals. It leads to changes in the clay fabric as well as the bonds within the clay 
structure. In addition, the natural clay structure gets significantly disturbed in the 
mixing process. Many researchers have investigated the microstructural properties 
and the behaviour of the cement mixed soils (Chew et al. 2004; Lemaire et al. 
2013; Lorenzo and Bergado 2006). According to these studies, the chemical 
reactions in soil-cement mixtures are divided into two main categories; primary 
hydration reaction and secondary pozzolanic reaction. Direct reaction of cement 
constituents with clay water is known as primary cementation reaction and it 
produces hydrated calcium silicates (C2SHx, C3S2Hx), calcium aluminates 
(C3AHx, C4AHx) and hydrated lime (Ca(OH)2). Hydrated lime yielded from 
the primary reaction, again reacts with clay minerals such as silica (SiO2) and 
alumina (Al2O3) and form pozzolanic materials in the secondary cementation 
reactions. 
When Ca(OH)2 is produced in cement soil mix, flocculation and agglomeration of 
particles take place. As shown in Figure 2-4, the binder is spread as a thin coat 
over the agglomerates of quartz grains in the clay matrix (Lemaire et al. 2013). The 
cementing agents bind the agglomerates together and form a fabric composed of 
larger and stronger grains than grains of natural clay. Consequently, many changes 
take place in physical and chemical properties of soils such as grain size, 
mineralogy, water content, Atterberg limits, pore size, reactivity, organic content and 
PH value (Eskisar 2015; Porbaha 2000). 
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 Figure 2-4: Distribution of calcium, silicon and carbon in a polished section of 1% 
lime+5% cement treated silt of Hericourt (28 days of curing at 20 °C). Legend: 
Black=carbon; Red=silicon; Yellow=calcium (Lemaire et al. 2013). 
2.2.2 Engineering behaviour of ground improved with deep 
cement mixing 
The fundamental concept of deep cement mixing is to improve the bonds between 
soil particles to obtain a high bearing capacity, high shear strength and reduced 
compressibility compared to the parent soil. However, during the implementation of 
soil-cement columns, the natural clay structure is altered by the mixing process. 
Then, the artificial bonds are fabricated between soil particles by the pozzolanic 
reaction. Consequently, the engineering behaviour of cement mixed clay shows 
significant deviations from the natural clay. The remarkable alterations are the brittle 
failure in compression and small tensile strength possessed by cement mixed clays. 
Following sections investigate the mechanical response of deep cement mixed soil 
against different types of external loads. Generally, the improved soil acts 
compositely with surrounding unimproved soil in resisting external loads. 
Therefore, when assessing the performance of cement stabilised ground, the 
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integrated behaviour of improved and un-improved surrounding soil should be 
considered rather than the properties of isolated cement stabilised soil.  2.2.2.1 Unconfined compressive strength 
Unconfined compressive strength (UCS) test is commonly used to determine the 
compressive strength of cement-stabilised soils, because the compressive strength is 
widely considered as an indication of the quality of cement stabilised soils. The 
cemented soils have higher compressive strengths than the parent clays. The high 
compressive strength of cement stabilised clay is mainly due to the changes occurred 
in the structure of the cemented clay. The strong artificial bonds between clay 
particles and formation of larger grains due to cementation make the cemented 
clay strong (Horpibulsuk et al. 2012b; Sariosseiri and Muhunthan 2009; Sarkar et al. 
2012). Parameters such as water content, cement content and curing time 
significantly influence the compressive strength of cemented clays (Eskisar 2015; 
Horpibulsuk et al. 2012b; Porbaha et al. 2000).  Fatahi et al. (2011) showed that 
application of pre-compression load during curing has a positive influence on the 
UCS of cement treated clays. UCS also varies depending on the physical and 
chemical properties of the parent soil and the stabilising reagent (Porbaha et al. 
2000).  
As shown in Figure 2-5, UCS of cement mixed clay increases with increasing cement 
content (Chew et al. 2004; Eskisar 2015; Porbaha et al. 2000; Sariosseiri and 
Muhunthan 2009). A significant increase in UCS was observed when cement content 
increased from 5% to 10% (Eskisar 2015; Sariosseiri and Muhunthan 2009). For 
cement mixed soil samples with the same cement content, compressive strength 
decreases with the increasing water content, which is higher than the liquid limit 
of the original clay (Eskisar 2015). Lower water content than the liquid limit 
would result in lower compressive strengths (Lorenzo and Bergado 2004). The 
combined effect of water content and cement content on the peak compressive 
strength is well related to the ratio of initial water content to cement content “wc/c” 
(Eskisar 2015; Horpibulsuk et al. 2004; Miura et al. 2001). Compressive strength has a 
decreasing trend with the clay water/cement ratio as shown in Figure 2-6. 
21 
 
 Figure 2-5: Unconfined compressive strength with respect to cement content (after 
Porbaha et al. (2000)) 
 
Figure 2-6: Unconfined compressive strength with respect to clay water/cement ratio 
(Eskisar 2015) 
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Curing time also has a significant influence on the compressive strength (Eskisar 
2015; Horpibulsuk et al. 2011; Okyay and Dias 2010; Sakka et al. 2000). Hydration 
reaction of cement, which is the key for the strength gain of cement stabilised 
soils, is a time-dependent process. The pozzolanic reactions that take place in 
cement mixed soils can be mainly divided into two phases; short-term and long-
term reactions. Short-term strength is provided by the fast reaction of tricalcium 
aluminate (C3A) with water and formation of tricalcium aluminate hydrate 
(C3AHx). Seven-day strength is mainly affected by this process. Other main 
cementitious components of cement such as tricalcium silicate (C3S), dicalcium 
silicate (C2S) and tricalcium alumino-ferrite (C4A) hydrates at a slower rate. These 
are continuing reactions over a long time and they have a great contribution to the 
28-day strength. Accordingly, the compressive strength of cement stabilized soil 
increases with curing time (Figure 2-7). The strength gain is rapid at the initial 
stage and only about 20% of the final compressive strength is gained after a curing 
period of 90 days (Okyay and Dias 2010). Eskisar (2015) showed that compressive 
strength normalized by the 28-day strength varies linearly with the t ime in 
natural logarithmic scale.  
 
Figure 2-7: Relationship between normalized compressive strength and curing time of 
cement-treated clay (Okyay and Dias 2010)   [SL: Soil + Lime, SC: Soil + Cement, 
SLC1: Soil + Lime + Cement (3%), SLC2: Soil + Lime + Cement (5%)] 
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2.2.2.2 Modulus of elasticity (Young’s modulus) 
The elastic modulus of DCM soil mainly depends on the curing time, cement content 
and water content. Okyay and Dias (2010) studied the evolution of elastic modulus 
with curing time (Figure 2-8). According to their observations, Young’s modulus 
increases with curing time and becomes constant after about 90 days. Sariosseiri and 
Muhunthan (2009) studied the variation of Elastic modulus with increasing cement 
content using Aberdeen soil. As shown in Figure 2-9, the modulus of elasticity 
increases with increasing cement content.  
 
Figure 2-8: Evolution of Young's modulus with curing time (Okyay and Dias 2010) 
[SL: Soil + Lime, SC: Soil + Cement, SLC1: Soil + Lime + Cement (3%), SLC2: Soil 
+ Lime + Cement (5%)] 
 
Figure 2-9: Variation of elastic modulus with cement content (Sariosseiri and 
Muhunthan 2009) 
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Omine et al. (1999) and Sakka et al. (2000) observed that the unconfined 
compressive strength and deformation modulus (Peak stress/Peak strain) of cement 
mixed soils are proportionately related in the cement mixed soils with different 
curing periods, cement contents and water contents. This relationship was observed 
in three different soil types; Kanmon clay, Ariake clay and Kaolin clay. Therefore, 
Omine et al. (1999) proposed that there is a linear relationship between unconfined 
compressive strength and deformation modulus of cement treated soil, as shown in 
Equation 2.1 and it is independent of the other influencing factors such as curing 
time, cement content and water content.  
du Eq α=                                                                                (2.1) 
Many later research studies agree with the equation proposed by Omine et al. (1999) 
and reported that Young’s modulus and unconfined compressive strength of different 
types of cement mixed clays are linearly proportionate. According to Bruce and 
Bruce (2003), Young’s modulus typically varies from 50 to 200 times unconfined 
compressive strength in cement mixed clays.  
Lorenzo and Bergado (2006) evaluated the initial tangential modulus and secant 
modulus at 50% unconfined compressive strength (E50), using unconfined 
compression tests conducted on cement mixed Bangkok clay. According to their 
investigations using laboratory prepared samples, E50 of cemented clay ranged 
between 115qu and 150qu, where qu is the unconfined compressive strength 
(Figure 2-10). The correlation of E50 with the unconfined compressive strength of 
field specimens was 170qu – 200qu. Jamsawang et al. (2011) carried out in-situ tests 
on cement mixed Bangkok clay and the E50 values varied from 60 – 150 times qu,f.  
According to Navin (2005), E50 is equal to 100qu – 500qu for laboratory tested 
cement mixed clay. Du et al. (2013) reported E50 ranging from 75qu – 250qu in 
cement stabilised Zinc contaminated Kaolin. Similar results were observed by Fang 
et al. (2001) for cement stabilised Taipei silty clay and silty sand, where E50 is equal 
to 30qu – 300qu. 
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 Figure 2-10: Modulus of elasticity versus unconfined compressive strength of 
cement-admixed Bangkok clay (Lorenzo and Bergado 2006) 2.2.2.3 Shear strength 
Cementation bonds and clay fabric are the main components that contribute to the 
shear strength of DCM soil (Horpibulsuk et al. 2004; Horpibulsuk et al. 2012b; 
Miura et al. 2001). As a result of artificial cementation due to deep cement mixing, 
the cohesion, as well as the friction angle of cement, stabilised soil increases (Okyay 
and Dias 2010; Sarkar et al. 2012; Yapage et al. 2015). Therefore cemented soils 
have higher shear strength than the parent soil.  
The undrained shear strength is generally measured using direct shear or unconfined 
compressive strength tests. As reported by Saitoh et al. (1980), Bruce et al. (2013), 
Euro Soil Stab (2002) and Broms (1999), the undrained shear strength of cement 
mixed soils predicted using direct shear tests is generally equal to 0.5 UCS. 
However, at higher cement contents the undrained shear strength of cement mixed 
soil is lower than 0.5 UCS and is approximately about 1/3 of UCS (Figure 2-11). 
Some design practices (especially in Japan) assume that the undrained friction angle 
of cement mixed soil is equal to zero (Bruce et al. 2013; Filz and Navin 2006). 
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However, some studies have reported non zero values for undrained friction angle, 
where the values vary from 250-450 (Broms 1999; Okyay and Dias 2010).  
 
Figure 2-11: Relationship between shear strength obtained from direct shear test and 
unconfined compressive strength of cement mixed marine clay (Saitoh et al. 1980) 
The drained shear strength of cement mixed soils can be obtained using triaxial tests. 
As shown by Lee and Lee (2002) and Miura et al. (2001), the drained shear strength 
mainly depends on the clay-water/cement ratio. Both peak and residual drained shear 
strength increase with increasing clay-water/cement ratio (Figure 2-12). Peak and 
residual strengths also increase with increasing confining pressure (Euro Soil Stab 
2002; Lee and Lee 2002; Miura et al. 2001). Euro Soil Stab (2002) suggested an 
effective friction angle of 300 for DCM soil and Broms (1999) suggested an effective 
friction angle of 250-350 for lime/cement mixed soils. As specified by Euro Soil Stab 
(2002), the drained cohesion of DCM soil can vary from 0-0.3 times its undrained 
cohesion. Yapage et al. (2015) also confirmed that a non-zero cohesion value exists 
for cement mixed clay, by observing cement mixed Ariake clay, Singapore marine 
clay and Hong Kong marine clay.  
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Figure 2-12: Deviator stress vs. axial strain plots obtained from drained triaxial tests 
(Lee and Lee 2002) (a) po’=50 kPa, (b) po’=400 kPa 
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2.2.2.4 Permeability and void ratio 
Permeability shows a close correlation with the void ratio in both natural clays as 
well as in treated clays. However, the relationship between void ratio and 
permeability in natural and treated clays are not always the same. Figure 2-13(a) and 
(b) show the relationships of void ratio and permeability in treated and untreated soft 
Singapore marine clay and Bangkok clay, respectively. Chew et al. (2004) observed 
different relationships between permeability and void ratio in treated and untreated 
Singapore marine clay (Figure 2-13(a)). In these types of soils, at a given void ratio, 
the cement treated clay has a lower permeability than the parent natural clay. This is 
because treated clays have large amounts of intra-cluster voids that are enclosed or 
having small entrance diameters, as a result of coating of cementitious products 
(Chew et al. 2004). These pores do not contribute to the hydraulic conductivity of the 
treated soil but contribute to the void ratio. As shown in Figure 2-13(b), Bangkok 
clay has nearly similar variations of permeability, with respect to void ratio in treated 
and untreated conditions. Onitsuka et al. (2003) and Yamadera (1999) also reported 
same permeability vs void ratio relationship in treated and untreated Ariake clay.  
 
(a) 
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 (b) 
Figure 2-13:  Void ratio and permeability (e – log k) relationship for treated and 
untreated clay (a)  Singapore marine clay (Chew et al. 2004) and (b) Bangkok clay 
(Lorenzo and Bergado 2006) 
Chew et al. (2004), Horpibulsuk et al. (2004) and Lorenzo and Bergado (2006) 
showed that void ratio of clay increases after cement mixing. However, void ratio 
reduces with increasing cement content (Chew et al. 2004; Endo 1976; Eskisar 2015; 
Lorenzo and Bergado 2006). When it comes to permeability, Chew et al. (2004) 
observed an increase in permeability after cement treatment of soft Singapore marine 
clay. Lorenzo and Bergado (2006) observed that permeability of treated Bangkok 
clay reduces when void ratio is less than 2 and permeability increased when void 
ratio is greater than 2. Kawasaki et al. (1981) also observed a reduction in 
permeability of Tokyo bay soil after cement mixing (Figure 2-14). According to 
Kitazume and Terashi (2013), in general, all soil types found in Japan shows the 
same or lower permeability as parent clay after cement mixing. Jiang et al. (2013) 
point out that the increase or decrease in permeability after cement mixing depends 
on the initial water content of the clay. If the initial moisture content of clay is lower 
than its liquid limit, the permeability after cement mixing will be reduced and if the 
initial moisture content of clay is higher than its liquid limit, the permeability of 
cement mixed clay will be increased.  
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In the state of art report by Bruce and Bruce (2003), they stated that permeability of 
cement treated clays generally varies from 100-1000 times the permeability of 
natural clay. Yin and Fang (2006) reported this range as 10-40 and Euro Soil Stab 
(2002) specified this range as 200- 600 times permeability of natural clay.  
In addition to soil type, water content and cement content, both permeability and 
void ratio of treated clay are affected by the overburden pressure and curing time. As 
shown by Chew et al. (2004) and Miura et al. (2001), permeability and void ratio 
reduce with curing time, up to 28 days. Permeability and void ratio also reduce with 
increasing overburden pressure (Endo 1976; Horpibulsuk et al. 2004; Lorenzo and 
Bergado 2006; Miura et al. 2001) 
 
Figure 2-14: Variation of permeability with cement content (Kawasaki et al. 1981) 
Variation of void ratio with effective stress, shown in Figure 2-15, indicates the 
impact of pre-consolidation stress on cemented clay. When effective vertical stresses 
are less than the pre-consolidation stress, the change in void ratio (compression) is 
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negligible. This phenomenon confirms that the cement bonds have not been 
disturbed in this region (Eskisar 2015).  When the effective stress exceeds the pre-
consolidation stress, the void ratio decreases indicating dilation of the sample. At 
high water contents and low cement contents, the initial void ratio and compression 
index were high and pre-consolidation pressure was low (Eskisar 2015). 
 
Figure 2-15: Compression curves of cement-treated clay (Eskisar 2015) 2.2.2.5 Unit weight 
Changes in the unit weight of cement mixed clays have been reported with respect to 
cement content, initial water content and curing time. As shown in Figure 2-16, the 
unit weight of cement mixed soil after curing increases with increasing cement 
content (Bergado et al. 2006). The unit weight also increases slightly with increasing 
curing time. Lai et al. (2006), Bergado et al. (2006), Miura et al. (2001) and 
Horpibulsuk et al. (2011) reported that unit weight of cement mixed clay increases 
with increasing cement content and reduces with increasing water content. 
Accordingly, an increase or decrease in unit weight of cement mixed soil compared to 
its base soil is possible depending on the combination of water content and cement 
content. However, the change in unit weight of clay due to cement mixing is 
negligible (Filz and Navin 2006). 
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 Figure 2-16: Changes in unit weight of cement mixed Bangkok clay (Lorenzo and 
Bergado 2004) 
2.3 Performance of DCM column-improved 
composite ground 
In the usual design practice, the stability of a DCM improved ground is examined 
under two conditions; a) external stability and b) internal stability (Porbaha 2000). 
External stability refers to the overall behaviour of the improved ground. Failure of 
individual elements due to stresses induced inside the body of the elements is known 
as the internal failure. In addition, a third failure type named as the extrusion failure 
is possible in the wall type DCM improvements, where untreated soil extrudes 
between DCM walls (Porbaha 2000).  
Analytical models, physical models and numerical models have been used in the 
literature to evaluate the performance of the DCM column-improved embankments. 
All the methods proposed in the literature and in design guides are based on the 
deterministic analysis. However, some design guidelines and research studies highly 
recommend carrying out reliability based performance analysis for DCM column-
improved embankments. The performance of the DCM column-improved 
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embankments, investigated using physical and numerical models are discussed in 
this section.  
2.3.1 Failure modes 
2.3.1.1 External failure 
In the analysis of external failure, the whole area of improved ground is assumed as a 
composite block of cement treated soil and natural ground with average strength 
properties. Then, the stability of the improved composite soil block against the 
applied loads is examined to determine the external stability. Figure 2-17 illustrates 
the four possible external failure modes. The external failure modes observed in the 
DCM column-improved ground are; 
a) Sliding failure 
b) Overturning failure  
c) Bearing capacity failure and 
d) Rotational sliding failure (Porbaha 2000) 
The failure mode ‘c)’ indicates a bearing failure due to eccentric loading on the 
structure. In case of a pure vertical loading such as a vertically loaded embankment, 
the bearing capacity failure will occur by penetrating the whole block into 
underlying soil layer. 
 
Figure 2-17: External failure modes of a deep cement mixed improved ground 
(Porbaha 2000) 
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2.3.1.2 Internal failure 
Stability of individual columns is evaluated under internal stability. When the 
external loads are applied on the improved ground, large shear and bending stresses 
generate within individual columns. Effect of these stresses can cause failure within 
individual elements of the improved ground. Therefore, internal stability of DCM 
column and surrounding soil should be specifically assessed. Kivelo and Broms 
(1999) have identified eight possible failure modes in deep lime cement mixed 
columns, subjected to embankment loading. Figure 2-18 illustrates those failure 
modes and Table 2-1 provides a brief description of each failure mode.  
 
Figure 2-18: Possible failure modes of the columns (Kivelo and Broms 1999) 
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Table 2-1: Descriptions of possible failure modes for columns (Yapage 2013) 
Failure mode 
Number 
Details 
a 
a shallow slip in active zone, exceeding the moment capacity to 
resist the lateral earth pressure 
b 
a deeper slip in active zone, single plastic hinge at the location, where 
the maximum bending moment exists, the moment capacity exceeded 
c, d, e two plastic hinges develop exceeding moment capacity 
f 
length below the slip surface is small and exceed the moment 
capacity 
g 
exceeding the lateral resistance of the unstabilised soils, deep slip 
close to the bottom, columns move through soils when embankment 
fails 
h exceeding the shear strength of the column in the shear zone 
2.3.2 Physical model tests 
The physical model tests found in the literature are of two types; small-scale model 
tests with uniform vertical loading or lateral loading, and centrifuge model tests with 
column configurations similar to the field and with actual embankment loading.  
Yin and Fang (2010) and Rashid et al. (2015) carried out small-scale physical model 
tests for DCM column-improved ground. The model consisted of nine cement mixed 
columns arranged in a square pattern and a uniform vertical load was applied on the 
improved ground. Yin and Fang (2010) observed a soil wedge type failure in the end 
bearing column group as shown in Figure 2-19. Rashid et al. (2015) studied the 
failure models with full and partial penetration depths of the columns. In the case 
with fully penetrated DCM columns, the bearing capacity was improved by 168% 
compared to natural ground, and the columns failed by a combination of shear and 
bending failure. The bearing capacity of the partially penetrated column-improved 
ground was increased only by 80% and the columns failed by pure bending. The two 
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failure modes observed in the ground with different column penetration depths are 
shown in Figure 2-20.  
 
Figure 2-19: Soil wedge type failure of the model soil ground (Yin and Fang 2010) 
 
(a)                                                                      (b)  
Figure 2-20: Different failure modes in the improved ground (a) with fully 
penetrated columns and (b) with partially penetrated columns (Rashid et al. 2015) 
A series of centrifuge model tests for the cement mixed column-improved ground 
was carried out by Kitazume et al. (2000), Kitazume and Maruyama (2006), 
Kitazume and Maruyama (2007a) and Kitazume and Maruyama (2007b). Kitazume 
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et al. (2000) investigated the failure patterns of a fully penetrated cement mixed 
column-improved ground under vertical loading and inclined loading. Column 
rupture or collapse type failure was observed under pure vertical loading and 
bending and shear failures were observed under inclined loading (Figure 2-21).  
 
Figure 2-21: Failure patterns obtained from centrifuge model tests (a) vertical 
loading, (b) inclined loading (Kitazume et al. 2000) 
 Kitazume and Maruyama (2006) and Kitazume and Maruyama (2007b) simulated 
the failure patterns of DCM column-improved ground under embankment loading 
using centrifuge tests. The embankment pressure at ground failure was significantly 
increased due to the installation of cement mixed columns. Also, the failure mode of 
the ground changed from slip circle failure to collapse failure after ground 
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improvement. The failure patterns in the un-improved ground and in the improved 
ground observed by Kitazume and Maruyama (2007b) are shown in Figure 2-22. The 
embankment pressure at ground failure increased with increasing improvement width 
beneath the slope. 
 
Figure 2-22: Ground deformation under embankment loading (Kitazume and 
Maruyama 2007b) 
2.3.3 Numerical investigations  
Many researchers have conducted numerical investigations based on finite element 
method or finite different method to predict the performance of DCM column-
improved grounds (Abusharar and Han 2011; Bhasi and Rajagopal 2015; Chai et al. 
2015; Chan and Poon 2012; Jamsawang et al. 2016; Liu and Rowe 2016; Shrestha et 
al. 2015; Tan et al. 2008; Yapage et al. 2014; Yapage et al. 2015; Zhang et al. 2014; 
Zhuang and Wang 2016). While three-dimensional models can predict the 
performance of the ground more realistically, two-dimensional plane-strain models 
can save computer memory and analysis time and predict the performance of the 
improved ground with reasonable accuracy (Ariyarathne et al. 2013; Chan and Poon 
2012; Huang et al. 2006; Tan et al. 2008). Chan and Poon (2012) and Zhang et al. 
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(2014) pointed out that it is important to model the improved ground assigning the 
properties of columns and the soft soil distinctly over the material space rather than 
assuming the improved ground as a uniform soil block with uniform material 
properties,  to predict the performance of embankments realistically.  
The material behaviour of DCM columns is assumed as elastic or elasto-plastic in 
most of the numerical studies found in the literature (Han et al. 2005; Huang and 
Han 2008; Huang and Han 2009; Huang and Han 2010; Huang et al. 2009; 
Jamsawang et al. 2015; Jamsawang et al. 2016; Zheng et al. 2009). Although these 
models cannot be used to study ultimate failure patterns and ultimate failure loads of 
the improved ground, the predictions are accurate as long as the DCM columns do 
not reach the yield strength. These numerical models clearly elaborate the 
improvements in bearing capacity, deformations and consolidation performance in 
the stabilised ground when compared to the natural ground. For example, Jamsawang 
et al. (2016) presented a three-dimensional numerical analysis of a DCM column-
improved embankment along the Bangbo-Klongdan highways, Thailand, simulating 
the column behaviour using the Mohr-Coulomb model assuming elasto-plastic 
behaviour for soil. The model predicted the settlements, lateral deformations and 
pore water pressures with a good agreement to filed measured data. The results show 
that the settlements can be reduced by about 80% and the maximum lateral 
deformation can be reduced by about 75% by improving the ground with DCM 
columns (Figure 2-23).  
 
(a) 
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 (b) 
Figure 2-23: Settlements and lateral deformations of Bangbo-Klongdan highway 
embankment for the case with DCM columns and without DCM column-
improvement (a) settlements (b) lateral deformations (Jamsawang et al. 2016) 
Yapage et al. (2014) and Yapage et al. (2015) investigated the behaviour of DCM 
column-improved embankments considering the strain-softening behaviour of DCM 
columns. Therefore the model could capture the behaviour of the embankment 
beyond the failure of columns accurately, including the internal and external failure 
modes of the embankment at ultimate limit state (ULS). The failure modes observed 
by Yapage et al. (2015), using numerical models are similar to failure modes 
observed by Kitazume and Maruyama (2006 and 2007b) and Kitazume et al. (2000) 
using physical models. The DCM columns showed bending failure and the natural 
soil in between the columns showed shear distortions. The overall failure mode of 
the embankment is a slip surface shear failure. The location of plastic hinges created 
in columns due to large bending moments and the overall shear failure surface of the 
embankment is shown in Figure 2-24. 
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 Figure 2-24: Location of plastic hinges and deformed shape of the finite element 
model (Yapage et al. 2015). 
The constitutive model used by Yapage et al. (2015), to simulate the strain-softening 
behaviour of DCM columns, is an extension of the elasto-plastic Mohr-Coulomb 
model. Figure 2-25 is a graphical representation of the strain-softening incorporated 
material model proposed by Yapage et al. (2015) for cement mixed soil. The 
cohesion, friction angle and dilation angle of the cement mixed soil are at their peak 
values before yielding of the columns. When the plastic deviatoric strain is large and 
cementation bonds start to break down, the cohesion, friction angle and dilation 
angle start to reduce with respect to plastic deviatoric strain, until they reach their 
residual values. Yapage et al. (2015) simulated triaxial tests of cement mixed 
Singapore marine clay, Ariake clay and Hong Kong marine clay using the proposed 
constitutive model. Figure 2-26 shows the simulated and experimental triaxial test 
results obtained for cement admixed Singapore marine clay. The simulation results 
showed a good agreement with experimental data at different confining pressures.  
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 Figure 2-25: Variation of mobilized friction angle ϕmob, cohesion cmob, and dilation 
angle ψmob with octahedral plastic deviatoric strain (Yapage et al. 2015) 
 
Figure 2-26: Experimental and simulated results for consolidated undrained triaxial 
tests for cement admixed Singapore marine clay (Yapage et al. 2015) 
2.3.4 Theoretical material models for the strain-softening 
behaviour of DCM soil 
2.3.4.1 Horpibulsuk et al. (2010) 
Horpibulsuk et al. (2010) proposed a constitutive material model for DCM soil, 
based on the Structured Cam Clay model. Structured Cam Clay (SCC) model was 
initially proposed by Liu and Carter (2002) for strongly structured natural clays. 
Horpibulsuk et al. (2010) extended this model to include the strain-softening 
43 
 
behaviour of DCM soil due to break down of cementation bonds. The destructing 
function of DCM soil during plastic deformation was introduced to the model by 
modifying the mean effective strength parameter (𝑃𝑃�′) using equation 2.2 
(Horpibulsuk et al. 2010).  
MCPP q /'' +=                                                                       
(2.2) 
where 𝑃𝑃′ is the mean effective stress, M is the slope of the failure envelope of 
cemented clay and Cq is a parameter that is related to the shear strength contributed 
by cementation.  
The material behaviour of the Structured Cam Clay model for cemented clays is 
shown in Figure 2-27. At the pre-peak stage, the value of Cq is constant and thus 𝑃𝑃�′ 
is always higher than 𝑃𝑃′. Beyond the yielding of DCM column, Cq begins to reduce 
gradually, causing 𝑃𝑃�′ to decrease until 𝑃𝑃�′ = 𝑃𝑃′ and Cq=0.  
 
Figure 2-27: Material idealisation for the SCC model of cemented clay (Horpibulsuk 
et al. 2010) 
This model showed a reasonable agreement with the mechanical behaviour of 
cement mixed Ariake clay, Kaolin clay, Hong Kong marine deposits and Aberdeen 
silt. Figure 2-28 shows the model predictions for the triaxial behaviour of Ariake 
clay at different confinement pressures. The Structured Cam Clay model for cement 
mixed clays was further improved by Suebsuk et al. (2010) and Modified Structured 
Cam Clay model was proposed. In this model, a new de-structuring law that depends 
on the plastic distortional strain is used to explain the strain-softening behaviour. 
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Modified Structured Cam Clay-B model was presented by Suebsuk et al. (2011) 
including the improvements to Modified Structured Cam Clay model that is 
necessary to capture structured soil behaviour during unloading and repeated 
loading.  
 
Figure 2-28: Simulated and experimental results for undrained triaxial test of 
cemented Ariake clay (Horpibulsuk et al. 2010) 2.3.4.2 Nguyen et al. (2014) 
Cemented Cam Clay model (CCC) model was proposed by Nguyen et al. (2014) to 
simulate the strain-softening behaviour experienced by artificially cemented soils at 
high confining pressures. This constitutive model is based on the Modified Cam Clay 
model. The key characteristics of this model are non-associated plastic potential 
function and elasto-plastic stress–strain relationship. In the CCC model, the mean 
effective strength is modified to capture the effect of cementation degradation, 
similar to SCC model proposed by Horpibulsuk et al. (2010). Figure 2-29 shows a 
comparison of failure envelopes of the CCC model and SCC model. SCC model has 
a constant offset from the critical state line whereas the offset of CCC model is 
flexible with increasing mean effective stress. At high stresses, the CCC model 
merges with the critical state line of the MCC model, when the cementation bonds 
are completely degraded. Nguyen et al. (2014) claim that CCC model can simulate 
the strain-softening behaviour of cemented clays better than the SCC model. Nguyen 
et al. (2017) proposed an advanced constitutive model to capture the effects of 
45 
 
cementation degradation in cemented clays due to both mean effective stress and 
shear deformation.   
 
Figure 2-29: Failure envelope of CCC model compared with Structured Cam Clay 
model and the Critical State Line (Nguyen et al. 2014) 2.3.4.3 Lee et al. (2004) 
Lee et al. (2004) proposed a plasticity-based constitutive model for cemented soil, 
which is an extension of the Modified Cam Clay model. This model uses two 
parameters (m and λ′ ) to incorporate the effect of cementation bonding to the base 
model. The boding stress ratio, m represents the initial effects of cementation and 
degradation of cementation with increasing confining pressure and shear strain. The 
parameter λ′, a function of mean effective stress and void ratio, accounts for the 
plastic strain at the beginning of shearing. Yield surface of the proposed material 
model is shown in Figure 2-30. A-B-C is the cementation yield surface of the 
cemented soil. Pt′ is the tensile strength obtained by the soil due to cementation 
bonds and it reduces with cementation degradation. m also decreases with evolving 
yield surface during loading. This model has the ability to simulate the drained 
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triaxial test behaviour of cemented clays over a wide range of confining pressures. A 
special advantage of this model is that the model requires a simple set of parameters 
that can be obtained from traditional laboratory tests.     
 
Figure 2-30: Proposed yield surface for cement treated clay (Lee et al. 2004) 2.3.4.4  Nova et al. (2003) 
Nova et al. (2003) developed a constitutive material model for bonded geomaterials 
that undergoes mechanical or chemical degradation. The basic form of this material 
model is an elastoplastic strain-hardening model, and the degradation behaviour is 
introduced to the model using different internal variables. The internal variables 
depend on the plastic strains experienced by the material (mechanical effects) and a 
scalar value that takes into account the degradation caused by chemical degradation, 
temperature and viscosity (non-mechanical effects). In this model, only the internal 
variables are assumed to change due to mechanical or non-mechanical degradation. 
Other mechanical parameters such as elastic modulus and friction angle were not 
changed. The material behaviour of the constitutive model proposed by Nova et al. 
(2003) is shown in Figure 2-31. The full line represents the initial yield surface of the 
structured soil and the dotted line indicates the stress state in the fully un-bonded 
soil. Ps, Pm and Pt are scalar quantities that represent internal (hardening) variables. 
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Ps represents the effect of pre-consolidation pressure. Pt is proportional to Pm and 
both Pm and Pt account for the effects of inter-particle bonding. Thus Pm and Pt 
control the rate of degradation.     
 
Figure 2-31: Yield surface of the constitutive model (Nova et al. 2003) 2.3.4.5 Kavvadas and Amorosi (2000) 
Kavvadas and Amorosi (2000) proposed a constitutive model for structured soils 
(MSS) to address the effects of soil structure development as well as the degradation 
of soil structure. Pre-consolidation, ageing and cementation are considered as 
structure-inducing processes in this model. The main cause of de-structuring, 
considered in the model is remoulding by volumetric and/or deviatoric straining. The 
proposed model clearly distinguishes the beginning of plastic yielding of the soil and 
the onset of appreciable structure degradation. Figure 2-32 indicates the stress-strain 
relationships in the MSS material model. The characteristic surfaces of the model are 
internal plastic yield envelope (PYE) and external bond strength envelope (BSE). 
The internal surface (PYE) represents the change in material state from elastic phase 
to plastic phase. The plastic deformations are relatively small in this phase. The 
external surface (BSE) defines the structure degradation, where large-scale plastic 
deformations take place. The MSS model is developed based on the Modified Cam 
Clay model, by adding effects of all structural and anisotropic features to the base 
model. Therefore, the features represented in the BSE surface can be selected 
depending on the available test data and preferred level of predictive sophistication 
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by turning on and off the added features in the MSS model. The model was validated 
using triaxial test results of stiff, over consolidated Vallericca clay. 
 
Figure 2-32: Characteristic surfaces of the MSS model (BSE- bond strength 
envelope, PYE- plastic yield envelope) (Kavvadas and Amorosi 2000) 2.3.4.6 Rouainia and Muir Wood (2000) 
Rouainia and Wood (2000) developed a kinematic hardening constitutive model 
based on the Cam-Clay model. This model was mainly aimed to represent the 
behaviour of natural clay with loss of structure due to irrecoverable plastic strains. 
Figure 2-33 shows the proposed model for de-structuration of clay. The reference 
surface is the yield surface of Cam-clay model, which represents the behaviour of the 
reconstituted or completely remoulded soil. The bubble is the kinematically 
hardening yield surface for the material. The structure surface is the bounding 
surface that accounts for the effect of structure in the clay. The structure surface 
collapses towards the reference surface when plastic straining occurs. In this model, 
all three surfaces change in size with plastic volumetric strain. The model 
successfully reproduced the undrained and drained shearing and compression 
behaviour of NorrkoÈping clay found in southern Sweden.  
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 Figure 2-33: Model for destructuration of clays; reference surface, structure surface 
and bubble (yield surface) (Rouainia and Wood 2000) 
2.4 Spatial variability in Deep Cement Mixed soil 
Soil is naturally a non-uniform material. Being implemented on a soil matrix, cement 
mixed soil obviously inherits non-uniform material properties. Apart from geological 
aspects, factors such as construction procedures, curing conditions and testing 
methodologies may also cause fluctuations in DCM soil properties. The pronounced 
inconsistency of engineering properties throughout the space of material domain is 
popularly known as spatial variability. The degree of variability is quantitatively 
represented by the statistical parameter named coefficient of variation (COV), which 
is the ratio of standard deviation to the mean value of a particular property. COV is a 
measure of relative deviation of data points from the sample mean and is widely in 
use due to the benefit of being dimensionless and as a meaningful parameter to 
represent variability (Srivastava and Babu 2012). According to previous research 
studies, DCM soil compressive strength have shown coefficients of variation (COV) 
ranging from 0.14 to 0.99 (Al-Naqshabandy 2011; Larsson 2003; Navin 2005), 
whereas other structural materials such as concrete and steel show COVs of 0-0.65 
(D’Ambrisi et al. 2008; De Stefano et al. 2013) and 0.05-0.12 (Nakashima et al. 
1991) respectively. Variability in stabilized soils are even higher than that of natural 
soil (Honjo 1982).  
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Spatial correlation length is another useful parameter in spatial variability that 
provides a measure of the strength distribution over the material space. Spatial 
correlation length indicates the level of correlation in the material properties between 
adjacent points. Small correlation lengths represent highly variable strength field and 
large correlation lengths represent a smoother variation of strength properties. 
Generally observed spatial correlation lengths for DCM soil strength vary from 0 to 
12 m (Al-Naqshabandy et al. 2012a; Kasama et al. 2012; Liu et al. 2015). This 
section delivers a comprehensive review on existing knowledge on spatial variability 
of DCM soil material properties, idealization of variability distributions and effects 
of non-uniformity on the performance of DCM column-improved embankments.   
2.4.1 Causes of variability 
Variability of DCM mechanical properties is influenced by various sources. The 
variability causing factors can be identified under three main constituents of a DCM 
soil system.  
(a) Original ground 
Water content 
Stress history 
Soil chemistry 
Organic content 
(b) Additives and mixing process 
Reagent factor 
Clay water/cement ratio 
Installation sequence 
Mixing equipment (Type of mixing tool, geometry, number of 
blades etc) 
Mixing speed 
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In-situ stress states at mixing 
(c) Curing conditions 
In-situ curing stress 
Curing temperature 
Curing water content 
Al-Naqshabandy (2011), classified the sources of uncertainty that affect material 
properties of cement mixed soils, as shown in Figure 2-34. The sources are divided 
into two main categories; data scatter and systematic error. Data scatter is the 
variability due to the inherent randomness of the properties over the material domain. 
Errors arising from sampling and testing are also included in the causes leading to 
data scatter. Uncertainty due to lack of data, less understanding of the physical 
behaviour of the particular material belong to systematic errors. Methodical testing 
procedures and proper understanding of materials prior to design will minimise 
systematic errors. Inherent variabilities in the natural soil are impossible to avoid 
because the related sources are uncontrollable. Since soil variability already exists in 
the ground, uniformity of mixing is very challenging to achieve, even with highly 
sophisticated equipment (Al-Naqshabandy 2011). Curing conditions such as 
temperature and humidity levels also cause variability in DCM soil.  
 
Figure 2-34: Sources of uncertainty in DM associated with the evaluation of the 
improved soil properties (Al-Naqshabandy 2011) 
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The current study will mainly focus on the data scatter type variability. The variable 
mechanical parameters in DCM soils are: Young’s modulus, Poison’s ratio, 
compressive strength, tensile strength, bending strength, unit weight, friction angle, 
hydraulic conductivity, pH and Water content (Navin 2005). However, all these 
parameters do not affect significantly on the performance of improved ground. 
Variability of the parameters that influence the performance of DCM soil improved 
embankments is described in the following sections.  2.4.1.1 Variability of compressive strength 
Unconfined compressive strength (UCS) of the foundation soil plays a major role in 
the geotechnical design of embankments. Therefore it is important to incorporate the 
variability in UCS during the design stage. The variability of UCS reported in the 
literature are summarised in Table 2-2. 
According to the literature, the COV and the range of UCS change with the varying 
soil type, mixing speed, penetration and withdrawal rate of mixing blades, cement 
content and water content. Not only the magnitude of COV but also the skewness 
and the standard deviation of UCS distribution vary from project to project 
depending on the aforementioned parameters (Chen et al. 2011). As far as strength 
variability in a single project is concerned, it is mainly due to the variability inherent 
to the natural soil at the site and the mixing quality. Curing conditions also contribute 
to variability. However, there is no correlation between COV and the mean UCS 
(Honjo 1982). The variability caused during in-situ mixing is greater than that caused 
during laboratory mixing (Porbaha 2000). 
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Table 2-2: Variability of unconfined compressive strength reported in the literature 
Reference Remarks 
Mean value of 
qu 
COV 
Navin 
(2005) 
Wet mixed samples have 
used. Data set represents 
different site conditions, 
different mixing methods and 
two sampling types. 
147 psi – 682 
psi 
(1013 kPa – 
4702 kPa) 
0.34-0.79 
Chen et al. 
(2011) 
Stabilized ground mainly 
consists of marine clay. Two 
projects were considered with 
different treated layer 
thicknesses, cement contents, 
penetration and withdrawal 
rates and mixing speeds.  
Cement 
content of 280 
kg/m3; 1970-
2710 kPa 
0.29-0.46 
Cement 
content of 400 
kg/m3; 3200-
4520 kPa 
0.06-0.36 
Honjo 
(1982) 
Deviations of improvement 
depths, curing time and 
different mixing parameters 
are covered by the statistical 
analysis. 
2100 – 4800 
kPa 
0.21-0.36 
Kasama et 
al. (2012) 
Stabilized clay samples from 
onshore and offshore projects 
are given. The database 
represents variations in 
cement content, water content 
and curing period 
100 - 7500 
kPa 
0.14-0.99 
 
Mixing quality is the major contributing factor on the non-uniformity of compressive 
strength of DCM soil. Components such as mixing rate, mixing equipment, 
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installation sequence and water/cement ratio also contribute to variability. Larsson et 
al. (2005a) have shown that the low penetration rates and withdrawal rates, high 
rotation speeds and more mixing blades increase the uniformity of compressive 
strength of DCM soil. As reported by Navin (2005) the variability is high in wet 
mixed DCM columns than in dry mixed columns, however, the mean strength is 
higher in wet mixed columns. Hence, wet mixed method may become highly 
inefficient due to the large scatter in UCS values, which reduce the allowable design 
strength and increase the probability of exceeding the mean compressive strength. 
Chen et al. (2011) observed that presence of small patches of high strength in DCM 
material leads to large COVs. This phenomenon also suggests that the insufficient 
mixing causes the high non-uniformity. Reagent factor also has a significant effect 
on the uniformity of UCS. Variability becomes greater with increasing binder 
content as shown in Figure 2-35. 
 
Figure 2-35: Variation of compressive strength of soil specimens stabilized with 
different amounts of cement after 90 days of curing (Anagnostopoulos and 
Chatziangelou 2008) 
Curing conditions affect the variability of UCS by means of varying curing stress, 
temperature and humidity. Effective stresses within a DCM column increase towards 
the bottom of the column and hence curing stresses also increase towards the toe of a 
column. Accordingly, the deviation of compressive strength with depth is a good 
representation of the significance of curing stresses on compressive strength. Figures 
2-36 and 2-37 show the variation of the compressive strength and the coefficient of 
variation, along the depth of the column. Filz and Navin (2006) also provided plots 
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of unconfined compressive strength Vs elevation, for different projects. It is 
observed from these plots that the mean value of compressive strength and 
coefficient of variation are increasing with depth. However, water content and soil 
strata may also influence the variance with the depth.  
  
 
Figure 2-36: Variation of compressive strength and coefficient of variation of deep 
mixed soil stabilized with ordinary Portland cement and furnace slag cement, along 
the column depth (Porbaha 2000) 
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 Figure 2-37: Variation of uniaxial compressive strength with depth (Fang et al. 2001) 
High curing temperatures result in increased rate of pozzolanic reaction and therefore 
high temperatures can result in early strength gain within the column. Figure 2-38 
demonstrates that UCS increases with curing temperature, given all the other 
parameters remain as constants. Parameters such as ambient temperature, soil 
thermal conductivity, configuration and density of columns, stabilizer type and 
amount affect the temperature within DCM columns during curing (Ahnberg et al. 
(1989) cited by Jacobson et al. (2003)).  Depending on the above factors, curing 
temperature varies radially as well as vertically causing deviations in compressive 
strength over the DCM columns. According to Jacobson et al. (2003), soil 
temperature can vary from 20oC (room temperature) to 75oC during curing of 
laboratory prepared specimens due to the heat generated during the curing reaction. 
The maximum temperature in the samples cured at the field can increase up to 100oC 
(Ahnberg et al. (1989) cited by Jacobson et al. (2003)).   
Although clayey soils are usually saturated with water, coating of air or hydrated 
ions around the cement particles can disturb the water around soil particles during 
curing. This may cause variations and delays in strength gaining. Dry mixed DCM 
soils are highly subjective to this issue than wet mixed soils. Special care should be 
taken in laboratory tests to maintain the humidity conditions. 
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 Figure 2-38: Effect of curing temperature on the compressive strength of stabilized 
silt (Enami et al., 1985 cited in Porbaha et al., 2000) 2.4.1.2 Variability of shear strength 
Variability of shear strength is influenced by almost the same parameters as for 
unconfined compressive strength, such as types and amounts of binder/cement, 
physiochemical properties, curing conditions and effectiveness of the mixing process 
(Kasama et al. 2012). Elements with low shear strength can cause local failure of 
foundations and result in reduced overall shear strength and bearing capacity 
(Kasama and Zen 2011). Figure 2-39 shows the shear strength distributions obtained 
using direct shear tests of three DCM columns in a single project. The COV values 
range between 0.25-0.35 in this project and skewness of the histogram varies 
significantly from one column to the other (Porbaha 2002).  
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 Figure 2-39: Spatial variation of shear strength in DCM columns 2.4.1.3 Variability of Elastic Modulus 
As discussed in Section 2.2.2.2, the elastic modulus of DCM soil is proportionate to 
its UCS. The ratio of elastic modulus to compressive strength shows significant 
differences in dry mixed and wet mixed soils. As shown in Table 2-3, the variability 
of the elastic modulus of dry mixed soils is low compared to that of wet mixed soils. 
As far as laboratory tests and field tests are concerned, Lorenzo and Bergado (2006) 
observed high elastic moduli in field tests (115qu – 150qu) compared to those 
obtained for laboratory test samples (170qu – 200qu). Figure 2-40 is a plot of elastic 
modulus at 50% unconfined compressive strength, E50, for different soil types 
observed in a single project. According to this figure, E50 for a particular qu value 
has varied from 30qu to 300qu in clayey soils (CL) and 30qu to 100qu in silty sand 
(SM).   
Table 2-3: Variability of the elastic modulus of wet mixed and dry mixed soil (Navin 
and Filz 2006) 
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 Figure 2-40: Variability of elastic modulus of cement treated soils (Fang et al. 2001)  
2.4.2 Numerical modelling of spatial variability 
Mean strength, coefficient of variation and autocorrelation length are the key 
parameters that describe the features of field strength distribution. Mean strength and 
coefficient of variation indicate the characteristics of strength data and correlation 
length represents the distribution of strength data over the material space. Mean and 
variance of strength data can be easily obtained using the strength data. To calculate 
the correlation length, an autocorrelation function should be adopted.  
Autocorrelation function determines the correlation between properties of two 
distinct points in the space of the material. Autocorrelation of properties between any 
two points (𝜌𝜌) can be calculated using Equation 2.3 (Honjo 1982).  
( ) ( )( ) ( )( )dzqzzqqzq
D
z uuuuDzZ∫
−∆+−
=∆ == 20
1
σ
ρ                     (2.3) 
where D is the total length of the DCM column and ∆z is the distance between two 
points considered.  
Once the actual autocorrelation relationship is known, it can then be approximated 
by an analytical relationship. Autocorrelation functions used by different authors in 
geotechnical related studies are summarized in Table 2-4. 
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Table 2-4: Different autocorrelation functions presented in the literature 
Reference Application Autocorrelation function 
Honjo 
(1982) 
Compressive 
strength of 
cement treated 
columns 
𝜌𝜌(∆𝑧𝑧) = exp �− 1
𝐴𝐴
∙ ∆𝑧𝑧� 
∆z - distance between two points 
considered 
A - autocorrelation distance 
Namikawa 
and Koseki 
(2013) 
Compressive 
strength of 
cement treated 
columns 
𝜌𝜌(𝑑𝑑) = exp �−𝑑𝑑
𝜃𝜃
� 
D - distance between the two points 
considered 
𝜃𝜃 - Autocorrelation distance 
Kasama et 
al. (2012) 
Compressive 
strength of fully 
improved cement 
treated ground 
𝜌𝜌�𝑥𝑥𝑖𝑖𝑖𝑖� = exp �−2𝑥𝑥𝑖𝑖𝑖𝑖𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖� 
𝑥𝑥𝑖𝑖𝑖𝑖 =  �𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑖𝑖�, where xi is the position 
vector of i 
𝜃𝜃𝑖𝑖𝑖𝑖𝑖𝑖  - spatial correlation length 
Chen et al. 
(2012) 
Undrained shear 
strength of 
untreated soil 
𝜌𝜌(ℎ) = 1 − 𝛾𝛾(ℎ) 
𝛾𝛾(ℎ) = 1 − exp (−ℎ) 
where γ is an exponential semivariogram 
and h is correlation distance 
Jamshidi 
and 
Oloomi 
(2010) 
Cone tip 
resistance of 
untreated soil 
𝜌𝜌 = � 𝑎𝑎
𝜃𝜃2
� 𝜏𝜏2 −  �𝑏𝑏
𝜃𝜃
� 𝜏𝜏 + 1 
a - constant between 2 and 4.5 
b - constant between 1 and 2.5 
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𝜃𝜃 - scale of fluctuation 
τ - horizontal distance 
Griffiths et 
al. (2002) 
Undrained shear 
strength of 
cohesive soils 
𝜌𝜌(𝜏𝜏) = exp �− 2𝜏𝜏
𝜃𝜃𝑖𝑖𝑖𝑖 𝑖𝑖𝑢𝑢 � 
τ - distance between two separated poins 
𝜃𝜃𝑖𝑖𝑖𝑖 𝑖𝑖𝑢𝑢 - correlation distance 
A number of authors adopted an autocorrelation function in the form similar to that 
proposed by Honjo (1982), in evaluating the performance of cement treated soils as 
well as untreated soils (Griffiths et al. 2002; Kasama et al. 2012; Namikawa and 
Koseki 2013). The autocorrelation distance “A” used in the function is a meaningful 
parameter that represents the degree of randomness of the property. The higher the 
autocorrelation distance is the lesser the randomness is.  Navin and Filz (2006) have 
observed that soil treated with dry mixing has very little spatial autocorrelation 
length compared to wet mixed DCM soil. Although the variability is high in treated 
soils than in natural soils, vertical autocorrelation distance is high in treated soils 
(Honjo 1982). Variation of unconfined compressive strength of DCM soil samples 
having different autocorrelation distances is shown in Figure 2-41. 
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 Figure 2-41: Numerical samples with different autocorrelation lengths (θ), 
(Namikawa and Koseki 2013). 2.4.2.1 Navin and Filz (2006) 
Navin and Filz (2006) analysed the performance of DCM column-supported 
embankments using limit equilibrium method as well as numerical finite difference 
approach. Based on the results, they observed two shortcomings in the current design 
practice: 
1. High variability of engineering properties of DCM columns, installed in the 
field, is not addressed in current design practice 
2. Some of the failure modes for column-supported embankments are not 
captured by the limit equilibrium method. 
In order to address these issues, Navin and Filz (2006) suggested carrying out 
reliability analysis using numerical models. The example embankment used for the 
investigation is shown in Figure 2-42. Navin and Filz (2006) used Taylor series 
method to evaluate the reliability levels of the embankment. The stochastic 
parameters and their coefficients of variation, used in the analysis are shown in Table 
2-5. For the considered example embankment, the factor of safety (FOS) obtained 
from the limit equilibrium analysis was higher than the FOS obtained from the 
numerical analysis based on the finite difference approach. The limit equilibrium 
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method showed only 0.6% probability of failure whereas the finite difference method 
showed a high failure probability of 3.8%. Failure modes such as tension failure in 
columns, shear failure in the soil, column tilting failure and column bending failure 
were observed in the numerical model. Based on the results of the Taylor series 
analysis, Navin and Filz (2006) developed a design chart to evaluate the 90% 
exceedance strength and minimum strength corresponding to the expected 
probability of failure, which can be used in quality controlling of improved ground 
(Figure 2-43).  
 
Figure 2-42: Example deep mixed column-supported embankment (Navin and Filz 
2006) 
Table 2-5: Variable parameters and their coefficient of permeability 
Parameter Variability (COV) 
Cohesion of DCM column 60% 
Cohesion of clay 40% 
Embankment friction angle 10% 
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 Figure 2-43: 90% strengths and lower limit strengths for use in reliability-based 
specifications (Navin and Filz 2006) 
Navin and Filz (2006) also conducted a separate series of Taylor series analysis 
considering the spatial variability of DCM soil properties. The autocorrelation length 
used for the analysis is 12.2 m (40 ft). The probability of failure of DCM column-
supported embankment increased, after including the spatial variability.  
Navin and Filz (2006) considered the spatial variability only among individual 
columns. Variability within a single column is not considered in this study. At the 
same time, the strain-softening behaviour of DCM soil was not considered in the 
analysis. It is expected that significantly different behaviour of embankment would 
have observed if the strain-softening behaviour is used instead of using the elastic-
perfectly plastic Mohr-Coulomb model. 2.4.2.2 Namikawa and Koseki (2013) 
In this study, uni-axial compression behaviour of DCM columns is numerically 
investigated incorporating the spatial variability of unconfined compressive strength. 
Namikawa and Koseki (2013) simulated cylindrical 3D models of DCM soil 
samples, which were similarly scaled as field core samples, in a  FEM program 
developed by Shiomi et al. (1993). 
Spatial correlation of unconfined compressive strength (qu) was addressed in the 
analysis using the random field theory. Namikawa and Koseki (2013) assumed that 
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qu of improved soil is normally distributed. Autocorrelation function used in this 
study is the same as that proposed by Honjo (1982). Unconfined compressive 
strength for each element in the sample is generated using Equation 2.4. 
( ) quiquciquui xVxq σµµ +=+= 1                                            (2.4) 
 where i = 1,2, ………., Ne, Vc =coefficient of variation of qu; xi = random variable; 
and Ne = number of elements.  
Namikawa and Koseki (2013) highlighted the necessity of a material model that 
incorporates the post-peak softening behaviour of DCM soil because there is a 
significant reduction in overall strength due to softening of locally yielded individual 
elements. An elastoplastic material model developed by Namikawa and Mihira 
(2007), which can describe the tensile and shear strain-softening behaviour, was used 
in the analysis.  
The elastic modulus E, the cohesion c, the tensile strength Tf, and the fracture energy 
Gf are considered as the stochastic parameters. Among them E, Tf and Gf are 
assumed as proportional to the unconfined compressive strength.  
Three cases were performed with different autocorrelation lengths and with five 
realizations for each case. When the correlation distance is zero, where the 
distribution of UCS is totally random, the pre-peak behaviour was almost the same 
as the case with uniform properties. The stress-strain relationship before the peak 
stress, vary widely when the autocorrelation distance is large. In the spatially 
correlated samples, the failure was localized to a weaker region of the sample. 
Therefore failure load was low. The mean strength of the spatially variable samples 
was less than that observed for uniform samples.  
This study has addressed the spatial variability of important mechanical parameters 
and the post-peak strain-softening behaviour of DCM soil. However, when the 
composite behaviour of DCM column-improved embankments is considered, a 
different result is expected compared to the core samples of DCM soil. There can be 
unforeseen failure modes as well as stress redistribution effects among individual 
columns. Therefore this study does not fulfil the requirements of practically 
appropriate reliability analysis. 
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2.4.2.3 Kasama et al. (2012) 
Bearing capacity of a surface strip foundation located on a ground fully improved 
with cement stabilisation is investigated by Kasama et al. (2012) using 2D plane-
strain numerical models based on the finite element method. The material behaviour 
is assumed as rigid, perfectly plastic. Spatially variable parameters considered in this 
study are; shear strength and unit weight of cement treated ground. Both parameters 
are assumed to be varying in a log-normal distribution. It is also assumed in this 
study that the autocorrelation length of unit weight is the same as that of the 
unconfined shear strength. 
The mean (µ) and standard deviation (σ) of the lognormal distribution is calculated 
using Equations 2.5 and 2.6. 
( )2ln 1ln COVc +=σ                                                            (2.5) 
2
lnln 2
1ln cc σµµ −=                                                                (2.6) 
Shear strength and unit weight of each element is derived using Equations 2.7 and 
2.8. A perfect correlation between the unit weight (𝛾𝛾𝑖𝑖) and unconfined shear strength 
of ith element (𝑐𝑐𝑖𝑖) was assumed.  
( )icci Gc lnlnexp σµ +=                                                          (2.7) 
( )ii Gγγ σµγ lnlnexp +=                                                        (2.8) 
where Gi is a random variable that is linked to the spatial correlation length. 
The matrix of randomly correlated variables, G, is calculated using an independent 
random variable matrix ‘R’ and correlation coefficient matrix ‘K’. In this study, the 
autocorrelation function is assumed to be varying exponentially with the distance 
between two locations under consideration. Horizontal correlation length and vertical 
correlation length are considered identical. Kasama et al. (2012) carried out a series 
of analyses with COV of undrained shear strength varying from 0.2 to 1 and 
normalized correlation length varying from 0.25 to 4. Thousand Monte Carlo 
simulations were conducted for each set of parameters.  
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Although the loading conditions and model geometry are symmetrical, the computed 
failure mechanisms were un-symmetric (Figure 2-44) due to non-uniform bearing 
capacity of the improved ground. This indicates the importance of addressing the 
variability of the improved ground. The failure surface was traced through the points 
with the least strength. Finally, an over design factor, which is a function of COV 
and probability of failure ‘Pf’ was introduced to simplify the design procedure.  
 
Figure 2-44: Deformed mesh of the failed ground (Θinc = 0.25, COVc = 0.2) 
(Kasama et al. 2012) 
In this study variability of material properties has implemented in the numerical 
model in a systematic manner. However, in the usual practice of embankment 
construction, the ground is not fully improved with cement mixing. When the ground 
is improved with DCM columns or walls, different failure modes are possible such as 
column tilting and bending.  It is also important to consider the strain-softening 
behaviour of cement treated soil since some of the low strength elements reach the 
post-yield state before overall failure. Strength reduction after the yielding reduces 
the shear resistance of DCM soil and may result in low failure loads. Therefore, the 
common assumption of elastic-perfectly plastic material behaviour for DCM 
columns will yield unsafe over design factors.  2.4.2.4 Other related studies 
Al-Naqshabandy et al. (2012b) studied the stability of a 1.2 m (4 ft) high 
embankment over a 2.4 m (8 ft) thick clay layer improved by deep lime cement 
mixed columns. Strength is calculated using the field measured cone penetration test 
data. The stability of the embankment was analysed in two methods; using overall 
average strength and using locally averaged strengths. The stability analysis was 
carried out using the Fellenius’s method. It is concluded that the undrained shear 
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strength of natural soil and treated soil can be represented using a normal distribution 
or a lognormal distribution. When the degree of variability increases in the model, 
the reliability also increases. 
Bergman (2015) proposed a reliability-based serviceability limit state design method 
using the First Order Reliability Methods and Monte-Carlo simulations. This study 
has considered the difference between vertical and horizontal autocorrelation 
lengths. The observed horizontal autocorrelation distance is considerably larger (0 - 
3 m) than the vertical correlation distance (0.2 – 0.7 m). Bergman (2015) used a 
lognormal distribution for strength data. A uniform strength value obtained based on 
the probabilistic approach was proposed for design and quality assurance purposes.  
Reliability-based procedures to calculate a representative uniform strength value that 
addresses the effect of strength variability has been presented by many other 
researchers (e.g., Larsson et al. (2005a), Anagnostopoulos and Chatziangelou (2008), 
Chen et al. (2014), Chen et al. (2011) and Porbaha and Dimillio (2004) ). The main 
disadvantage of these design procedures is that they cannot capture some of the 
failure modes because the DCM soil and the surrounding soil are not distinctly 
distinguished in these models.  
2.5 Summary 
Soft ground improvement using DCM columns is a sustainable, time-saving and 
economical alternative to ground improvement using consolidation based methods or 
pile foundations. The engineering behaviour of DCM soil is different from the 
natural soil as well as conventional pile-supported ground because of the strain-
softening behaviour of DCM soil and large strength variability in the improved 
ground. As a result, new failure modes, which were not encountered with other 
improvement techniques are observed in DCM soil. These failure modes have been 
observed using small-scale physical model tests and centrifuge model tests. 
However, most of these tests reveal the behaviour of DCM improved ground under 
specific loading conditions such as vertical load or inclined load rather than loading 
conditions applied in practical applications such as embankment and traffic loading. 
Numerical models are extremely useful in observing the full-scale behaviour of 
DCM soil improved ground because full-scale field tests are expensive in terms of 
money, time and labour.  
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Numerical models have been extensively used in the literature to simulate DCM 
column-improved embankments. However, most of these numerical models cannot 
be used to study the ultimate limit state behaviour of the embankments because they 
do not incorporate the strain-softening behaviour of DCM soil. Constitutive models 
have been developed by many researchers to simulate the strain-softening behaviour 
of DCM soil due to degradation of cementation bonds. These models have predicted 
the triaxial test behaviour of cemented soils realistically. Only a few of these 
constitutive models have been used to simulate field embankments supported over 
DCM columns.  
Spatial variability of material properties is another significant aspect of DCM 
column-improved ground. The performance of DCM column-improved 
embankments is affected by the spatial variability in DCM soil, including failure 
mode, failure load and deformations. However, the influence of spatial variability 
cannot be evaluated using deterministic analysis. Probabilistic analyses should be 
carried out to investigate the effects of variability on DCM improved embankments 
and it generally requires a large number of simulations. Therefore, numerical models 
are the best approach to study the effects of variability.  
Efforts have been taken in the literature to investigate the effect of spatial variability 
on overall properties of DCM soil samples and DCM soil block type improvements. 
These analyses are not sufficient to provide a good understanding of the actual 
embankment behaviour where; natural soil and DCM soil behave as two different 
materials, DCM soil shows strain-softening behaviour and DCM strength properties 
are spatially variable. Further investigation on this aspect is highly important to 
improve the reliability and confidence of designing DCM soil improved ground, and 
it is widely encouraged in the literature. 
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Chapter 3 
3 Consolidation behaviour of deep 
cement mixed column-improved 
ground during breakage of soil-
cement structure 
3.1 Introduction 
The main benefits of soft ground improvement using the deep cement mixing method 
are enhancement of bearing capacity of the soft ground, reduction of final settlement 
in the ground and reduction of time to achieve final settlement. However, among 
many studies carried out in the past examining the mechanical characteristics of deep 
cement mixing improved soils, only a limited number of studies committed to 
investigate the consolidation behaviour (Bergado et al. 2006; Chai et al. 2006; Fang 
and Yin 2007; Horpibulsuk et al. 2012a; Kang and Santagata 2006; Lorenzo and 
Bergado 2003b; Ouhadi et al. 2014; Yin and Fang 2006). Clayey soils have shown 
up to 94% settlement reduction after treating with cement (Ouhadi et al. 2014). 
Bergado et al. (1999) studied a real case history and observed a remarkable 
improvement in consolidation behaviour of Deep cement mixed (DCM) column-
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improved composite ground. Chai et al. (2006) in their discussion on Yin and Fang’s 
(Yin and Fang 2006) study state that the coefficient of permeability does not 
necessarily increase with cement treatment of clays. However, larger coefficient of 
consolidation of DCM columns relative to surrounding soft ground is the reason for 
reduced settlements and consolidation time (Lorenzo and Bergado 2003b; Yin and 
Fang 2006). Horpibulsuk et al. (2012a) investigated the consolidation behaviour of 
improved soil beyond yield using a DCM column embedded in soft Bangkok clay, 
and observed that the radial dissipation of excess pore pressure takes place only after 
the failure of DCM column, when the resulting cracks begin to facilitate vertical 
drainage. Accordingly, the most associated reason for improved consolidation 
performance of cement mixed ground before cement-soil structure begins to break, 
under equal strain loading, is the large coefficient of consolidation due to 
concentrated high stresses acting over the stiffer DCM columns than soft clay (Chai 
et al. 2006; Fang and Yin 2007). However, the settlement and consolidation time 
increases at stress states beyond the failure stress state of DCM columns (Chai et al. 
2006; Fang and Yin 2007; Horpibulsuk et al. 2012a). Apart from the stress levels and 
permeability, consolidation performance of DCM columns is also affected by the 
cement content, age of the treated soil, area replacement ratio between improved and 
base soils and elastic modulus of columns and soft soil (Horpibulsuk et al. 2012a; 
Kang and Santagata 2006; Lorenzo and Bergado 2003b; Ouhadi et al. 2014).  
Even though DCM columns are not designed in practice to reach the failure state 
under working conditions, an investigation into the full consolidation behaviour of 
DCM column-improved ground is important to understand the underlying load 
transfer mechanism of column-improved ground under both serviceability and 
ultimate limit state conditions. On the other hand, an in-depth understanding of the 
consolidation behaviour is necessary to establish design guidelines and to verify the 
existing analytical models (Horpibulsuk et al. 2012b; Lorenzo and Bergado 2003b). 
Although full scale field tests are very useful to get an insight into the consolidation 
behaviour of DCM column-improved ground during and after failure of columns, 
they are prohibitively expensive. Small scale lab tests are not very useful due to the 
scaling effects and their inability to replicate field stress levels. Hence validated 
numerical models are useful to investigate this problem. In the literature, only a few 
numerical consolidation models are available (Bergado et al. 1999; Chai et al. 2006; 
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Horpibulsuk et al. 2012a), and none of them investigated the consolidation behaviour 
during and after failure of DCM columns.  
The aim of this chapter is to investigate the consolidation behaviour of DCM 
columns embedded in soft clay. The laboratory experiments performed by 
Horpibulsuk et al. (2012a) for a single DCM column embedded in soft Bangkok clay 
was used to validate the numerical model used for this study. Numerical modelling 
was carried out using the ABAQUS finite element programme. During the 
experiments loads were applied until the column failure. Therefore, a softening 
incorporated material constitutive model was used for the simulation of DCM 
columns to capture the performance during breakage of cement bonds beyond 
column yielding. Finally, the load transfer mechanism between DCM columns and 
soft clay during column failure and the influence of coefficient of permeability of the 
improved ground on the excess pore pressure dissipation were investigated using the 
validated numerical model. 
3.2 Geometry and boundary conditions 
The laboratory experiments carried out by Horpibulsuk et al. (2012a) for a 
foundation of soft Bangkok clay improved with single DCM columns was simulated 
using an axi-symmetric finite element model with a DCM column at the centre as 
shown in Figure 3-1. The height of the model foundation was 200 mm and the 
overall diameter was 300 mm. The diameter of the DCM column was 50 mm with an 
area replacement ratio of 1/6. Two sand layers with 40 mm and 30 mm thickness are 
located respectively at the top and the bottom of the model. A uniform vertical 
pressure was applied on to the 5 mm thick rigid steel plate as shown in Figure 3-1. 
Drainage was allowed at the top and bottom boundaries of the soft clay and DCM 
column through the sand layers. Lateral displacement of the left boundary shown in 
Figure 3-1 was restricted to maintain the symmetry at the centre. Lateral 
displacements at the right boundary and vertical displacements at bottom boundary 
were constrained because the steel model container restricts the movements adjacent 
to the wall. 
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 Figure 3-1: Model geometry 
3.3 Finite element mesh and material parameters 
Eight-node quadratic elements with reduced integration and pore pressure degrees of 
freedom at the corner nodes (CAX8RP) were used for sand, clay and the DCM 
column. Rigid plate was modelled with eight node quadratic elements with reduced 
integration and without pore pressure degrees of freedom (CAX8R). The finite 
element mesh used for the analysis consists of 1155 elements and the height of each 
element is 5 mm. The width of the elements representing the DCM column and, sand 
and clay up to a radial distance of 60 mm are also limited to 5 mm and beyond that 
the width is limited to 10 mm. These element sizes yielded a converged solution for 
this problem. 
Material parameters given by Horpibulsuk et al. (2012a) were adopted for the 
numerical simulations as shown in Table 3-1 where possible. There were some 
conflicting information given in the paper by Horpibulsuk et al. (2012a) regarding 
material properties and cement contents used for different columns. Therefore, some 
parameters were changed based on the published literature relevant to cement 
stabilised Bangkok clay as discussed in this section. The initial void ratio of the soft 
clay was calculated using the specific gravity and the water content given by 
Horpibulsuk et al. (2012a). It was assumed that the initial void ratio of cement 
treated clay and the reconstituted natural clay are the same. Wet density was also 
assumed as the same for both DCM column and the untreated clay.  
74 
 
The DCM  column did not reach the yield state when the cohesion and elastic 
modulus given by Horpibulsuk et al. (2012a)  were used. Therefore a cohesion value 
of 400 kPa and an elastic modulus of 130 MPa were adopted in the current 
simulation. These values are in agreement with the mechanical properties of the 
treated Bangkok clay found in the literature (Arroyo et al. 2012; Ciantia et al. 2011; 
Lorenzo and Bergado 2006). The cohesion of cemented clay at the residual state was 
obtained using the triaxial test data given by Lorenzo and Bergado (2006). Although 
the referred cement contents are different in Lorenzo and Bergado’s work (Lorenzo 
and Bergado 2006) (22.73%) and the current study (60%), their unconfined 
compressive strengths and elastic moduli are closely matching. Therefore, the 
cohesion selected for this study can be deemed reasonable.  The swelling index, κ, 
used for the soft Bangkok clay in the present simulation was 0.005.  
The soil-cement column was modelled using a user defined constitutive model which 
incorporates softening behaviour of cement mixed soils due to breakage of cement-
soil structure during loading. This constitutive model is an extended version of the 
Mohr-Coulomb model which is described in detail by Yapage et al. (2015). Variation 
of parameters that define the failure envelope after yielding is shown in Figure 3-2. 
An example for the stress-strain behaviour of the strain softening incorporated 
material model is shown in Figure 3-3. As shown in the figure, before developing 
any plastic strains in the DCM columns (i.e. before yielding), the material behaves as 
an elastic material. When the plastic strains start to accumulate, the material strength 
reduces as shown in Figure 3-2 and as a result, the stresses in the material reduces 
with increasing axial strain during the triaxial test as shown in Figure 3-3.  
Sand layers were modelled using the Mohr coulomb model and the Bangkok clay 
surrounding the DCM column is modelled using the Modified cam clay model. Rigid 
plate was modelled as a linear elastic material with a modulus of elasticity of 210 
GPa and a Poisson’s ratio of 0.2. 
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Table 3-1: Material properties used in the model 
Material Soil-cement column Bangkok clay Sand 
γsat [kN/m3] 18 18 20 
k [m/min] 5.0×10-6 1.0×10-7 3.43×10-4 
e 2.14 2.14 0.4 
E [kPa] 130 000 - 13 000 (Top sand) 52 000 (Bottom sand) 
ν 0.3 0.3 0.3 
λ - 0.216 - 
κ - 0.005 - 
c [kPa] 400 1 1 
φ [degree] 26 21 37 
 
 
 
Figure 3-2: Variation of cohesion and friction angle with plastic shear strain 
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 Figure 3-3: Stress-strain behaviour of consolidated undrained triaxial tests for 
cement admixed Ariake clay with 6% cement simulated using the extended Mohr-
Coulomb material model (Yapage et al. 2015)  
3.4 Validation of the model  
A series of  consolidation tests reported by Horpibulsuk et al. (2012a), representing 
two cement contents (40% and 60%) and two area replacement ratios of improved 
soil (1/6 and 1/3), was simulated to verify the numerical model presented in the 
previous section. The three cases considered for the validation of the numerical 
model are given in Table 3-2. Vertical pressure applied on the model ground was 
increased in steps with time as shown in Figure 3-4. The settlement profiles obtained 
from the simulations and the physical model tests are presented in Figure 3-5. The 
simulation results agree well with the experimental data. Especially, the numerical 
model captured the settlement profile for case 1 extremely well, where the soil-
cement column has failed during loading. The simulation results distinctly show two 
different consolidation curves during the same load step (before and after point A 
shown in Figure 3-5), before and after softening of the soil-cement column.  
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Table 3-2: Details of different cases of composite ground 
Case 
Soil-cement column 
Cement % (C) 
Diameter [mm] Area replacement ratio (ar) 
1 50 1/6 60 
2 100 1/3 60 
3 100 1/3 40 
 
The vertical stresses over the DCM column and surrounding soil in Case 1, obtained 
from simulations and the experiments are shown in Figure 3-7. Figure 3-6 shows the 
variation of strain in the specimens with consolidation time. Using the ratio between 
vertical stresses applied on the column and the soil, the stress concentration ratio was 
computed for Case 1 as shown in Figure 3-8. Vertical stress acting over the column 
suddenly drops when the column starts to yield and at the same time there is an 
increase in the vertical stress acting over the soil. These comparisons also show that 
the numerical model is capable of predicting the consolidation behaviour of DCM 
improved composite ground even after failure of the DCM column.  
 
Figure 3-4: Variation of applied pressure with time 
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 Figure 3-5: Variation of settlement with time 
 
Figure 3-6: Variation of settlement with time 
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 Figure 3-7: Vertical stresses over column and surrounding clay 
 
Figure 3-8: Variation of stress concentration ratio with time 
3.5 Effect of permeability of DCM column on 
consolidation behaviour 
Stiffness and area replacement ratio of the DCM column are the parameters 
controlling the consolidation behaviour of DCM improved ground. In addition, 
permeability of soil-cement column contributes to the consolidation performance. It 
changes pore water pressure dissipation rate not only within the column, but also in 
the surrounding soil due to radial drainage. A parametric study was carried out using 
three different coefficients of permeability of improved soil in order to investigate 
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the significance of permeability difference between treated and untreated soil on the 
consolidation behaviour. Permeability of DCM column higher than (10-5 m/min), 
equal to (10-7 m/min) and less than (10-9 m/min) the surrounding soil were 
considered. Variations in excess pore water pressure in soil for the three cases were 
compared with the actual case where permeability of column is equal to 5×10-6 
m/min. The plot of excess pore water pressure variation in soil against time is shown 
in Figure 3-9. The results are discussed in the following section.  
 
Figure 3-9: Variation of excess pore water pressure in soil with time at 50 mm 
distance away from the centre at mid height 
3.6 Results and discussion 
3.6.1 Settlement 
Final settlement of the ground observed for Case 1 was 14 mm (Figure 3-5) and the 
soil-cement column failed when the settlement reached 8 mm. Before column failure, 
maximum settlement due to each applied load increment is small and the rate of 
consolidation was rapid. After failure of soil-cement column, large settlements 
occurred and the rate of consolidation was slow. The rate of consolidation is 
governed by the coefficient of consolidation, cv, and these results indicate a 
reduction in coefficient of consolidation of the composite ground, after column 
failure, due to softening or reduction in column stiffness.  Settlements were further 
reduced and final settlements were reached rapidly with increasing cement content 
and area replacement ratio (Case 2 and Case 3). 
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3.6.2 Vertical stress over improved ground 
Vertical stresses over both DCM column and soft clay increased sharply at the 
beginning of each load increment. Immediately after, stress on the soil started to 
reduce and the column stress started to increase further, to maintain the force 
equilibrium (Figure 3-7). The reduction in total stress on soil is due to two reasons: 
excess pore water pressure dissipation and transfer of stresses to column due to high 
stiffness of the column. At the onset of column failure, stress on column suddenly 
dropped due to the reduction of stiffness of the column (Horpibulsuk et al. 2012a; 
Ouhadi et al. 2014; Yin and Fang 2006). Consequently, stress on soil increased and 
became a constant towards the end of the loading step. The sudden increase in excess 
pore water pressure of soft clay after failure (Figure 3-9) confirms the load transfer 
from column to soft clay after failure.  
3.6.3 Stress concentration ratio 
Stress concentration ratio, n, shown in Figure 3-8 increased continuously until the 
peak stress. This indicates that the stresses continuously transfer from soil to column 
until the column failure. Therefore, in this case, consolidation occurred under 
varying stresses over time.  The rate of increase in n reduced when the stress on 
column reached its yield stress. In fact, the stress transfer rate reduced in accordance 
with the stress on column. During column failure, n reduced rapidly and became 
constant afterwards indicating stress redistribution from column to surrounding soft 
clay. However, the final value remains around 11.5 showing that the stress on the 
failed column is still higher than that over the untreated clay. 
3.6.4 Excess pore water pressure 
At the beginning of each loading step excess pore water pressure in soil increases by 
an amount equal to the corresponding pressure increment of soil due to applied load. 
A series of simulations was carried out by varying the permeability of DCM column 
with respect to soil. Pore water pressures in soil at 50 mm away from the column in 
the mid height, is shown in Figure 3-9. According to these results, pore water 
pressure dissipation rate was significantly sensitive to the permeability difference 
between column and soil. When the column has a higher permeability than soil, 
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consolidation was fast and column reached its residual state earlier compared to the 
cases with column permeability less than or equal to that of the soil. Overall, the 
column failure was delayed when the column permeability is less than or equal to the 
soil.  
3.6.5 Failure mode 
Failure of the soil cement column, observed from the numerical simulation was a 
local failure due to crushing of the DCM column closer to the bottom of the column. 
As shown in Figure 3-10, the final plastic strains are large closer to the bottom of the 
column. In this case, no significant lateral deformations were identified within the 
DCM column. According to Horpibulsuk et al. (2012a), the failure of the DCM 
column in the laboratory experiment was also due to crushing of soil-cement 
structure. 
 
Figure 3-10: Distribution of magnitude of plastic deviatoric strains and the deformed 
mesh 
3.7 Conclusions  
Consolidation behaviour of DCM column-improved ground was numerically 
simulated using a material model capable of simulating the strain-softening 
behaviour of DCM columns beyond yield. The developed finite element model can 
capture the consolidation behaviour of cement mixed soft soils satisfactorily, even 
83 
 
after the cement-soil bonds start to break beyond yield. Larger stiffness of cement 
soil column attracts more stresses than surrounding soft clay during loading and 
results in low consolidation settlements and fast consolidation rate. After complete 
breakage of soil-cement bonds, stresses on both soil and column reach a constant.  
Beyond the column failure, rate of consolidation is low compared to the pre-failure 
consolidation rate. Pore water pressure dissipation rate is considerably influenced by 
the relative permeability of cement treated soil compared to soft parent clay. When 
the column permeability is higher than soil, excess pore pressure dissipation rate is 
increased and the column failure is reached quickly compared to the cases with 
column permeability less than or equal to the soft clay. 
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Chapter 4 
4 Interaction between deep cement 
mixed columns and natural soil 
during consolidation 
4.1 Introduction 
Chapter 3 presented a numerical model of a DCM column improved soft ground. The 
numerical model was verified using results from laboratory experiments found in the 
literature. The objective of Chapter 4 is to investigate the consolidation mechanism 
of DCM column improved soft ground., In this chapter the numerical model 
validated in Chapter 3 is used. 
The soft ground improvement methods such as vertical drains, stone columns and 
deep cement mixed columns frequently used in practice possess better consolidation 
characteristics than the surrounding natural soil. The interdependent consolidation 
behaviour of the improved soil and the natural soil, including lateral drainage and the 
stress concentration, alters the overall consolidation mechanism of the soft ground 
after application of the ground improvement methods. Therefore, Terzarghi’s one-
dimensional consolidation equation for homogenous soil is not directly applicable to 
investigate the consolidation behaviour of the improved ground. A large number of 
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analytical solutions are available in the literature to predict the consolidation 
behaviour of the composite ground (Chai et al. 1995; Chai and Pongsivasathit 2010; 
Chai et al. 2001; Fellenius 1981; Han and Ye 2001; Han and Ye 2002; Hansbo et al. 
1981; Lorenzo and Bergado 2003b; Lu et al. 2015; Miao et al. 2008; Xie et al. 
2009a; Xie et al. 2009b; Yoshikuni and Nakanodo 1974; Zhang et al. 2012; Zhang et 
al. 2006). However, the majority of these models are developed for vertical drain 
improved ground.  
The analytical solutions proposed for vertical drain improved ground, have paid a 
great attention on the lateral drainage within the soil and the vertical drainage 
through the drain while assuming negligible vertical hydraulic conductivity of 
surrounding clay (Chai et al. 1995; Chai et al. 2001; Fellenius 1981; Hansbo et al. 
1981; Lu et al. 2015; Yoshikuni and Nakanodo 1974).  In addition, smear effects and 
well resistance have also been addressed in some analytical solutions proposed for 
vertical drain improved ground (Hansbo et al. 1981; Yoshikuni and Nakanodo 1974). 
In contrast to the vertical drain improved ground, the elastic modulus of columns is 
of high importance in the stone column-improved ground and thus the stress 
concentration over the columns (Han and Ye 2001). Other parameters that affect the 
consolidation performance of stone column-improved ground are; diameter ratio, 
well resistance of stone columns, elasto plastic behaviour of the stone columns, 
lateral deformation of stone columns and horizontal permeability of the stone column 
(Castro and Sagaseta 2009; Han and Ye 2002; Lu et al. 2010; Pulko and Majes 2006; 
Xie et al. 2009b). 
When it comes to DCM column-improved ground, the permeability of DCM column 
ranges between 1 – 40 times the permeability of natural soil (Chai et al. 2006; 
Lorenzo and Bergado 2003b; Yin and Fang 2006). Jiang et al. (2013) pointed out that 
the permeability of DCM soil can be less than that of the surrounding soil in some 
instances. Therefore, vertical drainage in the natural soil is of similar importance as 
the vertical drainage in the DCM column, on the consolidation behaviour of DCM 
column-improved ground. As a result, the development of analytical solutions for 
consolidation of DCM column-improved ground is complex and only a few solutions 
are available in the literature. Lorenzo and Bergado (2003b) derived a modified 
composite coefficient of consolidation for the DCM column-improved ground that 
can be used with the Terzaghi’s one-dimensional consolidation equation. However, 
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this equation does not address the vertical drainage through the surrounding clay. 
Horpibulsuk et al. (2012a) also concluded that Terzaghi’s one-dimensional 
consolidation equation can be used for DCM column-improved composite ground 
with a composite coefficient of consolidation. Miao et al. (2008) proposed an 
analytical solution for partially penetrated DCM column-improved ground assuming 
DCM soil as an impervious material. The consolidation equation proposed for 
partially penetrated DCM column-improved ground by Chai and Pongsivasathit 
(2010) uses an equivalent permeability and an equivalent coefficient of 
compressibility for the DCM column-improved soil layer. However, this model also 
has neglected the vertical drainage through the surrounding natural soil.  
The equivalent permeability proposed in this chapter takes into account the effects of 
vertical consolidation of both DCM soil and natural soil as well as the radial 
drainage of pore water from the natural soil to DCM columns. The analytical 
solution proposed in this chapter is in the same form as the Terzaghi’s one-
dimensional consolidation equation but uses a composite coefficient of consolidation 
along with an equivalent permeability. First, the composite coefficient of 
consolidation is derived for the case with equal permeability for both DCM columns 
and the natural soil, under equal strain condition. After that, modifications are made 
to the composite coefficient of consolidation, to take into account the effects of 
permeability difference between DCM columns and the natural soil. The proposed 
analytical solution is compared with numerical results based on the finite element 
method as well as with the solution proposed by Lorenzo and Bergado (2003b). The 
present analytical model has the ability to predict the consolidation behaviour as 
predicted by the finite element model when the permeability of DCM column is 
greater than, equal or less than that of the natural soil. 
4.2 Numerical model 
A numerical model developed in ABAQUS finite element programme is used in this 
study to investigate the consolidation mechanism within the DCM column-improved 
ground and subsequently to validate the proposed analytical solution. The 
consolidation behaviour of DCM column-improved Bangkok clay is simulated using 
a unit cell model, which consolidates under the equal strain condition. Fully coupled 
mechanical-hydraulic process was used in the numerical analysis. The unit cell has an 
overall diameter of 300 mm and the diameter of the DCM column was 50 mm. The 
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height of the sample is 265 mm. The thickness of the rigid plate, through which the 
loading was applied to the unit cell, is 5 mm. A 5 mm sand layer was included in 
between the clay sample and the rigid plate in order to avoid convergence difficulties 
and to facilitate the drainage through the top surface of the DCM improved area. A 
large elastic modulus was used for sand in the numerical model to ensure equal 
strains at the bottom surface of the sand layer.  The model was allowed to 
consolidate under a uniform surcharge of 20 kPa. Drainage was allowed only from 
the top surface of the model. The model geometry is shown in Figure 4-1 and the 
material properties are shown in Table 4-1. The element types and material models 
used to model sand, clay, DCM column and rigid plate are same as those described 
in Chapter 3. The rigid plate was modelled as a linear elastic material with a modulus 
of elasticity of 2×1010 kPa and a Poisson’s ratio of 0.2.  
 
Figure 4-1: Model geometry 
 
 
 
 
 
 
25 mm 125 mm 
265 mm 
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Table 4-1: Material properties used in the model 
Material Soil-cement column Bangkok clay Sand 
γsat [kN/m3] 18 18 18 
kx, ky [m/min] 1.0×10-7 1.0×10-7 3.43×10-3 
e 2.144 2.144 0.4 
E [kPa] 130 000 - 200 000 
ν  0.3 0.3 0.3 
λ - 0.216 - 
κ - 0.005 - 
c [kPa] 400 - 1 
φ [degree] 26 - 37 
 
4.3 Consolidation mechanism when permeability of 
DCM column is equal to surrounding natural soil 
4.3.1 Consolidation mechanism 
The parameters governing the consolidation of the DCM column-improved unit cell 
discussed in the previous section (Section 4.1) are the vertical and radial drainage 
through the DCM column at the centre of the unit cell and the natural soil around it. 
Radial drainage occurs due to the pore water pressure difference between the DCM 
column and the surrounding natural soil. Figure 4-2 shows the variation of pore 
water pressure in DCM column and the surrounding natural soil at the mid-height of 
the sample obtained using the numerical simulations. Accordingly, the pore water 
pressures in DCM column and surrounding soil at the same horizontal level at a 
given time are equal when the permeabilities of the DCM column and the 
surrounding soil are equal. Hence it can be concluded that there is no significant 
radial drainage in the composite ground. Therefore, consolidation of the unit cell can 
be considered as one dimensional, when the DCM column and the natural soil have 
equal permeabilities.   
It should be noted here that Figure 4-2 shows the pore pressure variation in two 
different materials in composite ground. If the two materials were consolidated in 
isolation, the pore pressure variation should be very different for the two matrials 
according to the Skempton’s theory, due to the different stiffness and pore pressure 
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coefficient values of the two materials. However, in a composite ground, as in this 
case, cross drainage and stress transfer take place between the two materials. 
Therefore, the pore pressure evolution in the two mediums does not agree with the 
Skempton’s theory.  
 
Figure 4-2: Excess pore water pressure variation with time at different horizontal 
locations at the mid-height of the unit cell. 
However, there is a stress concentration over the DCM column due to the stiffness 
difference between the DCM column and the surrounding soil. As shown in Figure 
4-3, the total stress applied over the DCM column increases and the total stress 
applied over the surrounding natural soil decrease with time during the 
consolidation. In contrast to the total stress variation, effective stresses in the DCM 
column and the natural soil increases with time during the consolidation. However, 
the effective stress increment in DCM column and surrounding soil is not equal to 
the pore water pressure dissipation in each material. Figure 4-4, ∆σ'v is less than the 
∆u in the natural soil. Also, the ∆σ'v in the DCM column is greater than the ∆u in the 
DCM column. 
0
5
10
15
20
25
1 10 100 1000
Ex
ce
ss
 p
or
e 
pr
es
su
re
 [k
Pa
] 
Time [min] 
Center of the column
50 mm away from centerline
100 mm away from the centerline
90 
 
 Figure 4-3: Total vertical stress variation with time over DCM column and natural 
soil at mid-height of the unit cell 
 
Figure 4-4: Comparison of effective stress increment and pore water pressure 
reduction 
Furthermore, as shown in Figure 4-5, the difference between ∆σ'v increment and 
pore water pressure dissipation in the surrounding soil multiplied by the soil area is 
equal to the difference between ∆σ'v increment and pore water pressure dissipation 
in column multiplied by the area of the column. Therefore, the difference between 
the reduction in pore water pressure and the increase in effective stress in the natural 
soil can be identified as the stress transferred from the surrounding soil to the DCM 
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column. It is important to note here, that the stress transfer does not affect the pore 
water pressure in both DCM column and the natural soil. Only the effective stresses 
are affected and hence the total stresses in both mediums change due to the stress 
transfer.  
 
Note: Force transfer = Difference between average reduction in pore water pressure 
and average increase in effective stress multiplied by the cross-section area 
(kPa×mm2) 
Figure 4-5: Difference between average reduction in pore water pressure and average 
increase in effective stress multiplied by the cross-section area 
4.3.2  Derivation of the analytical solution 
The following assumptions are made in the derivation of analytical solutions for the 
case with equal permeabilities in both DCM column and surrounding soil, and for the 
case with different permeabilities in DCM column and surrounding soil. 
(1) The vertical strains in the unit cell are uniform at the same horizontal level. 
(2) The external load applied on the unit cell remains constant during the 
consolidation period. 
(3) The coefficient of compressibility of the DCM column and the natural soil is 
constant throughout the consolidation period. 
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(4) There is no lateral deformation in the DCM column and the natural soil. 
Therefore, the cross-sectional area of each component remains constant. 
(5) The volume reduction of both DCM column and the natural soil is only due 
to pore water pressure dissipation. 
(6) The radial water flow in the unit cell is due to pore water pressure difference 
between the DCM column and the natural soil. 
It should be noted that the analytical solution derived in this section is based on the 
assumptions of equal vertical strains and constant cross-sectional area of both 
column and surrounding soil. Therefore, the proposed solution can be applied only to 
the DCM column-improved grounds where DCM columns are located between two 
stiff layers; for examples stiff bearing layer at the bottom and a stiff slab at the top. 
The relationship shown in Figure 4-5 can be analytically represented by Equation 4.1 
as shown below: 
( ) ( )sssccc uAuA '' σσ ∆−∆=∆−∆                                             (4.1) 
where cA  and sA  are the area of DCM column and the area of natural soil, 
respectively, in the unit cell, c'σ  and s'σ  are the vertical effective stresses in the 
DCM column and the natural soil, respectively, and cu  and su are the pore water 
pressures in the DCM soil and the natural soil, respectively, at depth z and at time t.       
The difference between effective stress increment and pore water pressure 
dissipation in soil is the stress that transferred from soil to DCM column. Hence, the 
stress transfer from soil to DCM column at any given time t, T'σ , can be described 
using Equation 4.2. This stress component is indicated specifically as an effective 
stress component since only the effective stresses in both DCM column and 
surrounding soil changes due to the stress transfer, without affecting the pore water 
pressures in the DCM column and the surrounding soil. 
( )cc
s
c
ssT uA
Au ∆−∆=∆−∆= ''' σσσ                                         (4.2) 
Effective stress in soil at any given time t can be calculated using Equation 4.3a. 
Tss u '' σσσ −−=                                                                 (4.3a) 
where σ  is the externally applied total stress. 
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Similarly, effective stress in the DCM column at any given time t can be calculated 
using Equation 4.3b. 
T
c
s
cc A
Au '' σσσ +−=                                                            (4.3b) 
It should be noted that, the parameter σ represents the uniformly applied total stress over 
the composite ground as an external load. The effective vertical stress in soil and in 
DCM column are denoted by different parameters; σ’s and σ’c respectively. As derived 
in Equations 4.3a and 4.3b the two stress components are different, thus the ground is 
not subjected to an equal stress condition. 
Since the consolidation of the unit cell is one-dimensional without any radial 
drainage, as illustrated in Figure 4-2, Terzaghi’s theory for one-dimensional 
consolidation of homogeneous soils can be applied for the vertical consolidation of 
the natural soil and the DCM column separately as shown in Equations 4.4a and 4.4b 
respectively. 
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Equations 4a and 4b can be simplified into Equations 4.5a and 4.5b respectively. 
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where svC ,  and cvC ,  are one-dimensional coefficients of consolidation for vertical 
drainage in natural soil and DCM soil respectively. 
Substituting Equations 4.3a and 4.3b respectively in Equations 4.5a and 4.5b, and 
since the externally applied stress is constant during the consolidation period, 
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According to Figure 4-2, 
uuu cs ==                                                                             (4.7) 
where u is the pore water pressure in DCM soil and natural soil at depth z and at 
time t, when the permeabilities are equal in both DCM soil and natural soil 
From Equations 4.6a, 4.6b and 4.7, 
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The area ratio a  is the ratio of the area of surrounding soil to the area of DCM 
column given by Equation 4.9: 
c
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Substituting Equation 4.9 in Equation 4.8, 
t
u
z
u
a
aCC svcv
∂
∂
=
∂
∂






+
+
2
2
,,
1
                                                     (4.10) 
Equation 4.10 is in the same form as Terzaghi’s one-dimensional consolidation 
equation but with a modified coefficient of consolidation. 
Therefore the modified coefficient of consolidation for the composite ground can be 
defined using Equation 4.11. 
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where compvC ,  is the composite coefficient of consolidation for the vertical drainage 
within the unit cell. 
The average degree of consolidation ( vU ) can be calculated using the Equation 4.12, 
which is the solution for Terzaghi’s one-dimensional consolidation equation for 
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homogeneous soil. However, the time factor vT  in Equation 4.12 should be 
calculated using compvC ,  as shown in Equation 4.13. 
( ) ( )vmmvv TMMTU
2
20 exp
21 −−= ∑ ∞==                                    (4.12) 
t
H
C
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v 2
,=                                                                         (4.13) 
where ( ) 2/12 π== mM  and dH  is the length of the drainage path. 
4.3.3  Validation of the proposed consolidation equation 
The solution proposed in the previous section is compared with the finite element 
modelling results shown in Figure 4-6. The coefficients of consolidation of DCM 
column and natural soil, required for the calculation of the composite coefficient of 
consolidation used in the proposed equation were obtained by simulating oedometer 
tests numerically for samples of cement mixed soil and natural soil independently. 
As shown in Figure 4-6, the results obtained using proposed analytical solution 
matches well with the numerical simulation results. 
 
Figure 4-6: Average degree of consolidation from proposed equation and numerical 
model 
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The composite coefficients of consolidation derived using the proposed equation at 
different Cv,c/Cv,s ratios were compared with the composite coefficients of 
consolidation derived from the numerical model results. The Cv,c/Cv,s ratio was 
changed by changing the elastic modulus of DCM column. Both Cv,c and  Cv,s were 
changed with changing elastic modulus of DCM soil, since nonlinear material 
models were used in the numerical model for DCM soil and natural soil. The range 
of values for DCM elastic modulus and the corresponding Cv,c,  Cv,s  and Cv,c/Cv,s 
ratio are shown in Table 4-2. The Cv,c/Cv,s ratios from 2.6 to 113 were considered for 
the comparison. The variation of composite coefficients of consolidation with time 
obtained from the proposed equation and the numerical simulations are shown in 
Figure 4-7. The percentage error of the composite coefficients of consolidation 
calculated using the proposed equation is always less than 5% of the composite 
coefficients of consolidation obtained from numerical simulations. 
Table 4-2: Details of obtaining different Cv,c/Cv,s ratios 
Parameter Range of values 
Elastic modulus of 
DCM column [kPa] 
260 000 130 000 65 000 13 000 
Cv,c[mm2/min] 3152.12 1685 842.7 175.56 
Cv,s [mm2/min] 27.83 42.9 58.98 67.51 
Cv,c/Cv,s 113.26 39.28 14.29 2.6 
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 Figure 4-7: Variation of composite coefficient of consolidation with Cv,c/Cv,s ratio 
4.4 Consolidation mechanism when permeability of 
DCM column is different from natural soil 
4.4.1 Consolidation mechanism 
A unit cell model with a DCM column, which has a larger permeability than that of 
the natural soil, is considered in this section to describe the consolidation 
mechanism. It should be noted that if the permeability of the natural soil is larger 
than that of the DCM column, consolidation mechanism is similar but the radial 
drainage occurs in the reverse direction.  
When the permeability of the DCM column is greater than that of the natural soil, the 
pore water pressure dissipates faster in the DCM column than that in the natural soil. 
As a result, excess pore water pressures within the DCM column become less than 
those within the natural soil. Due to this pore water pressure gradient, a radial flow 
occurs from the natural soil to the DCM column. Subsequently, pore water pressures 
in the DCM column increase due to the radial intrusion of water. Hence the 
consolidation rate of the DCM column becomes slow compared to the case without 
any radial drainage into the column. In other words, the DCM column behaves as a 
material, which has a lower permeability than the permeability of the DCM column. 
This apparent permeability is referred as the “effective permeability” in what 
follows. In contrast to the DCM column, pore water pressures in the surrounding soil 
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dissipate faster compared to the case with no radial drainage discussed earlier, due to 
reduction in pore water pressure in soil due to radial drainage towards the column. 
As a result, natural soil shows an effective permeability, which is greater than the 
actual permeability.  
The effective permeability of the DCM column keeps reducing and that of the 
natural soil keeps increasing until the two permeabilities become equal. When this 
happens, there is no pore water pressure difference between the DCM column and 
the surrounding soil. Now the boundary conditions of the unit cell with different 
permeabilities in the DCM soil and the natural soil are similar to the boundary 
conditions of the unit cell with equal permeabilities for both materials, which is 
described in Section 4.3.2. Therefore, the equation derived for the consolidation of 
the unit cell with uniform permeability (Equation 4.10) can be used to represent the 
consolidation of the unit cell with different permeabilities. However, the coefficient 
of consolidation for each material should be modified to represent the consolidation 
behaviour under the effective permeabilities.  
4.4.2 Consolidation equation 
The equivalent permeability ( )eqk  is derived by equating the flow rate of water that 
escapes from the DCM column and the natural soil under their actual permeability to 
the flow rate of the unit cell if it had a uniform permeability. The equation is applied 
for the imaginary state where pore water pressure has become equal at the same 
horizontal level, so that there is no radial drainage. Therefore, the vertical pore water 
pressure gradient i  is the same throughout the unit cell.  
( ) ikAAikAikA eqcsccss +=+                                                 (4.14) 
where ck  and sk  are permeabilities for the DCM column and the natural soil 
respectively. 
Therefore, an equivalent permeability can be calculated using Equation 4.15. 
( )a
kakk cseq +
+
=
1
                                                                     (4.15) 
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Since the effective permeability is different to the actual permeability, the coefficient 
of consolidation of the natural soil and the DCM column should also be modified 
according to the Equations 4.16a and 4.16b respectively. 
s
sveq
apparentsv k
Ck
C ,_, =                                                           (4.16a) 
c
cveq
apparentcv k
Ck
C ,_, =                                                           (4.16b) 
where apparentsvC _,  and apparentcvC _,  are the apparent coefficients of consolidation of 
natural soil and DCM column that is different from the actual coefficient of 
consolidation obtained from oedometer tests. 
Now the consolidation of the unit cell is identical to the case with equal permeability 
in both DCM column and natural soil. Therefore, Equations 4.10 and 4.11 are valid 
for the unit cell with different permeabilities for the natural soil and the DCM 
column. However, the coefficients of consolidation for both materials should be the 
modified coefficients of consolidation as shown in Equations 4.16a and 4.16b. By 
substituting the modified coefficients of consolidation in Equation 4.11, the 
composite coefficient of consolidation for the unit cell is given by Equation 4.17. 
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The permeability ratio between permeabilities of DCM column and natural soil ( )kR  
is derived as shown below in Equation 4.18. 
s
c
k k
kR =                                                                                (4.18) 
By substituting Equations 4.9, 4.15 and 4.18 in Equation 4.17 and simplifying, 
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In order to obtain the average degree of consolidation, the modified time factor as 
shown in Equation 4.20 should be substituted to the solution of Terzaghi’s one-
dimensional consolidation equation.  
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4.4.3 Validation of the proposed consolidation equation 
The unit cell model described under “Numerical model” section, with different 
permeabilities for the DCM column and the natural soil was used to obtain the 
average degree of consolidation. The permeability of DCM column was 10-6 m/min 
and that of the natural soil was 10-7 m/min. Accordingly, the permeability ratio 
between DCM soil and natural soil is 10. The average degree of consolidation 
calculated using the modified time factor given in Equation 4.20 and the 
consolidation equation proposed by Lorenzo and Bergado (2003b) are compared 
with numerical results as shown in Figure 4-8. The ratio of compression and swelling 
indices of the DCM column was assumed as 1.5 (Lorenzo and Bergado, 2006) in 
calculating the degree of consolidation using equation proposed by Lorenzo and 
Bergado (2003b). As shown in Figure 4-8, the proposed analytical solution provides 
a better prediction of consolidation settlement compared to the solution proposed by 
Lorenzo and Bergado (2003b). 
 
Figure 4-8: Prediction of average degree of consolidation when permeability of 
DCM soil and natural soil are different 
Figure 4-9 shows the composite coefficients of consolidation at different 
permeability ratios from the finite element simulation, the analytical solution 
proposed in this paper and the analytical solution proposed by Lorenzo and Bergado 
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(2003b). The different permeability ratios were obtained by changing the 
permeability of DCM soil while keeping the permeability of natural soil constant at 
10-7 m/min.  
 
Figure 4-9: Comparison of composite coefficient of consolidation predicted using 
analytical solutions with numerical simulations 
According to Figure 4-9, the proposed equation shows a very good agreement with 
the finite element simulation results. At the same time, the equation is valid for the 
case where permeability of the DCM column is less than or equal to the permeability 
of the natural soil ( )1/ ≤sc kk . The solution proposed by Lorenzo and Bergado 
(2003b) deviates from the simulations results for increasing permeability ratios 
because they have not addressed the change of apparent permeabilities in the DCM 
soil and the natural soil due to radial flow within the unit cell model. 
4.5 Application of the proposed equation on a physical 
model test 
Horpibulsuk et al. (2012a) simulated the consolidation behaviour of DCM column-
improved composite ground using physical model tests. A cylindrical unit cell model 
with 300 mm diameter and 200 mm height was used for their experiment. A DCM 
column with 50 mm diameter and 200 mm height was installed at the centre of the 
unit cell. The unit cell was loaded under equal strain condition. Pore water was 
allowed to dissipate from both top and bottom surfaces of the sample in the 
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experiment. The composite coefficient of consolidation of the unit cell in the vertical 
direction, under an applied stress of 20 kPa obtained from the laboratory test was 
0.096 m2/day. Further details about the physical model test are given in Horpibulsuk 
et al. (2012a).  
The permeability of Bangkok clay in the above test was 1×10-7 m/min (Horpibulsuk 
et al. 2012a). The coefficient of consolidation of Bangkok clay corresponding to 
1×10-7 m/min permeability obtained based on Seah and Koslanant (2003) was 0.0086 
m2/day. This value is in agreement with coefficient of consolidation of Bangkok clay 
given by Lai et al. (2006). 
The permeability of cement mixed Bangkok clay in the above test was 5×10-6 m/min 
(Horpibulsuk et al. 2012a). The void ratio of cement mixed Bangkok clay 
corresponding to 5×10-6 m/min permeability was calculated using the equation 
( ) 5.1log12 += ke  (Lorenzo and Bergado 2006). The calculated void ratio was 5.0. 
However, the coefficient of consolidation corresponding to void ratio of 5, calculated 
using the equation ( ) 75.3log25.0 += vCe  (Lorenzo and Bergado 2006) was 
unreasonably high (Cv = 274 m2/day).  
Coefficient of consolidation of cement mixed Bangkok clay with a permeability of  
9-12×10-7 m/min and elastic modulus of 60000-120000 kPa was reported as 0.55-1.1 
m2/day by Lorenzo and Bergado (2003a) cited in Lai et al. (2006). When the 
coefficient of consolidation is estimated for the conditions of the physical model test 
(where, k =5×10-6 m/min  and  E=120000 kPa), using above data assuming that vC  is 
directly proportionate to permeability and elastic modulus, the resulting vC  value 
was 5.22 m2/day (the middle value was used for the calculations when a data range is 
given). Lai et al. (2006) reported coefficient of consolidation of cement mixed 
Bangkok clay as 2.19 m2/day when k =1×10-6– 3.13×10-6 m/min and E=13500-17000 
kPa. When vC  for the current examples is estimated using these data, the resulting 
vC  was 41.42 m
2/day.  
The void ratio of 4.8, for cement mixed soil yields a coefficient of consolidation 
equal to 43.42 m2/day, which is a reasonable approximation compared to the values 
estimated based on literature (5.22 m2/day and 41.42 m2/day). The coefficient of 
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consolidation calculated using e =4.9 was large (109 m2/day) when compared to 
literature. 
By substituting the above information in Equation 4.19, the composite coefficient of 
consolidation of the unit cell was obtained as 0.077 m2/day. The degree of 
consolidation vs time plot obtained using proposed equation and using experimental 
results, shown in Figure 4-10, indicates a good agreement between the predicted 
coefficient of consolidation and the actual coefficient of consolidation of the 
composite unit cell. 
 
Figure 4-10: The degree of consolidation Vs time plot using proposed equation and 
experimental results 
4.6 Conclusions 
The consolidation mechanism described in this study shows that the effective stress 
increment in each material is not equal to the dissipation of pore water pressure in 
the same material. The difference between the pore water pressure reduction and the 
effective stress increment is the stress transferred from the surrounding soil to the 
DCM column during consolidation. Moreover, the stress transfer occurs from 
effective stress in the soil to effective stress in the column and does not have any 
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influence on the pore water pressure dissipation either in the natural soil or in the 
DCM column.  
An analytical solution for the consolidation of DCM column-improved ground under 
equal strain condition is derived in this study. The specialities of the proposed 
analytical solution are as follows: 
(1) The consolidation mechanism described in this study includes the effects of 
vertical consolidation of both DCM soil and natural soil as well as the lateral 
drainage of pore water from the natural soil to DCM column. 
(2) The proposed analytical solution is applicable for a great range of 
permeability ratios including 1/ ≤sc kk . 
(3) The parameters required to calculate the consolidation performance using the 
proposed analytical solution can be easily obtained using laboratory 
experiments. 
The comparison of results from the proposed analytical solution with the physical 
model tests shows good agreement and hence it can be concluded that the proposed 
analytical equation can be used to predict consolidation behaviour of DCM column-
improved ground. However, the applicability of the proposed analytical solution on 
practical applications is limited to the DCM column-improved grounds that satisfy 
equal vertical strain condition. 
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Chapter 5 
5 Simplified modelling approaches for 
DCM column-supported 
embankments experiencing post-
yield strain-softening 
5.1 Introduction 
A numerical model for a small scale physical model of a DCM column improved 
ground was developed and validated in Chapter 3. The aim of Chapter 5 is to use the 
numerical modelling to simulate a field embankment improved with DCM columns. 
The numerical model presented in Chapter 5 is verified using a case study of an 
embankment reported in the literature. Further studies were carried out using the 
same model to investigate the simplified modelling approaches suitable to simulate 
the strain softening behaviour of DCM columns. 
In the design process of column-supported embankments, engineers rely heavily on 
numerical modelling based on the finite element or finite difference methods, which 
will assist to define the most suitable column and LTP configuration to meet the 
design requirements. The most realistic modelling approach is to use a three-
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dimensional model. Jamsawang et al. (2016), Ariyarathne and Liyanapathirana 
(2015), Liu and Rowe (2016), Huang and Han (2009), Shrestha et al. (2015), Zhang 
et al. (2014), Jie et al. (2010) and Bhasi and Rajagopal (2015) studied the 
performance of column-supported embankments using three-dimensional numerical 
models. However, analysis of three-dimensional numerical models involving soil 
consolidation and complex material models often consume large computational 
memory and time. This will be an issue when a large number of cases with different 
configurations need to be checked at the design stage to find out the optimum design, 
which satisfies the design criteria. Efficiency of a numerical analysis will be 
significantly improved by using simplified models. However, adopting a suitable 
simplified model for a complex three-dimensional geotechnical problem and 
predicting the performance of the field problem is often a challenge. 
Different simplified models have been used in the literature to numerically simulate 
the behaviour of column-supported embankments including 2D plane-strain models, 
axisymmetric unit cell models and three-dimensional unit cell models (Ariyarathne et 
al. 2013; Chai et al. 2015; Han and Gabr 2002; Han et al. 2005; Kirsch and 
Sondermann 2001; Poon and Chan 2013; Tan et al. 2008; Yapage et al. 2014; Zhang 
et al. 2014; Zheng et al. 2009).  Majority of numerical models developed to 
investigate DCM column-supported embankments are simulated assuming Mohr-
Coulomb behaviour with a zero friction angle and a very high cohesion, for the DCM 
columns, restricting the columns to be in the elastic region. According to the 
literature, the load transfer mechanism and hence the consolidation behaviour of a 
DCM column-supported embankment changes when DCM columns start yielding 
(Horpibulsuk et al. 2012a; Ouhadi et al. 2014; Wijerathna et al. 2016; Yin and Fang 
2006). Therefore, it is important to investigate the behaviour of DCM column-
supported embankments incorporating the strain-softening behaviour. Although in 
practice columns are not designed to yield, at the design stage it is important to 
model the cemented soil behaviour realistically to understand the consequences if 
DCM columns reach the yield state. 
In this chapter, four commonly adopted simplified modelling approaches are 
compared for a DCM column-supported embankment: (1) two-dimensional plane-
strain model based on the EA approach, (2) two-dimensional plane-strain model 
based on the EP approach, (3) axisymmetric unit cell model and (4) three-
107 
 
dimensional unit cell model. Results from all four simplified models were compared 
with available field measurements for a case history from a section of the Pacific 
Highway upgrade project in NSW, Australia. Comparisons were made in terms of 
settlements, lateral deformations, pore water pressure distributions, and vertical 
stresses over DCM columns and the surrounding soil, investigating the 
appropriateness of the four simplified models when DCM columns are loaded in the 
post-peak softening region. 
5.2 Description of the embankment case study 
The physical and mechanical properties of the embankment, DCM columns and the 
subsoil, which were initially reported by Yapage et al. (2014) was used for the 
analysis in this study.  The embankment is located on a 0.5 m thick firm clay layer 
underlain by an 8 m thick soft clay layer. A 5 m thick silty sand layer, a 3.5 m thick 
firm clay layer and an 8 m thick stiff to hard clay layer are located underneath the 
soft clay layer, respectively, as shown in Figure 5-1(a). The soft clay layer is 
improved with 8.5 m long DCM columns beneath the crest of the embankment. 8.5 
m deep and 11.14 m long wall panels made out of attached DCM columns were used 
beneath the side slopes. The individual DCM columns were arranged in a square 
pattern with a centre to centre spacing of 1.3 m as shown in Figure 5-1(b) underneath 
the embankment. The DCM walls were aligned in the direction perpendicular to the 
centre line along the length of the embankment and spaced at 3 m intervals. The 
diameter of DCM columns was 0.8 m. The embankment height is 5.57 m and the 
embankment width at the crest level is 37.9 m.  
The embankment was constructed in two stages. The first 5.27 m height of the 
embankment was constructed within 42 days at an approximate construction rate of 
0.125 m/day. The remaining 0.3 m height was constructed over 50.9 days starting 
immediately after the end of the construction of the first stage.  
5.3 Numerical modelling 
The highway embankment described in the previous section was simulated using the 
ABAQUS/Standard (2014) finite element programme, using four different simplified 
models: (1) two-dimensional plane-strain model based on the EA approach, (2) two-
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dimensional plane-strain model based on the EP approach, (3) axisymmetric unit cell 
model and (4) three-dimensional (3D) unit cell model.  
The top firm clay layer and the soft clay layer were modelled using the modified cam 
clay model. The silty sand layer, firm clay layer, stiff to hard clay layer and 
embankment fill material were modelled using the elasto-plastic Mohr-Coulomb 
model. The material properties used for subsoil layers and embankment fill material 
are given in Table 5-1. The same material models and material properties were used 
in all models except in the plane-strain model based on the EP approach, for which 
equivalent properties were calculated as described in the following sections. 
The mechanical behaviour of DCM columns shows strain-softening beyond yielding, 
where the strength of the columns reduces with increasing strain. In practice, DCM 
columns are modelled at the design stage using the Mohr-Coulomb model, without 
considering the strain-softening behaviour, because generally, DCM column-
supported embankments are designed in such a way that the DCM columns behave 
only within the elastic region. In the embankment case history reported in this paper, 
the measured embankment deformations at the end of construction are much higher 
than those predicted during the design stage. The in-situ soil properties and DCM 
column properties used at the design stage are based on the field test data as well as 
the previous experience of the design team working with similar soils. Hence it is 
suggested that in this case history the columns might have yielded during the 
application of the embankment load. Therefore an extended version of the Mohr-
Coulomb constitutive model (Yapage et al. 2015) incorporating the strain-softening 
behaviour of cement mixed soils is adopted.  
 
(a) 
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(b) 
Figure 5-1: Geometry of the improved embankment and ground conditions (a) 
Section view (b) Plan view. 
Table 5-1: Material properties of subsoil layers and Embankment fill. 
Parameter 
Top 
firm 
clay 
Soft clay 
Silty  
sand 
Firm  
clay 
Stiff-
to-hard 
Clay 
Embank
ment 
Fill 
γ
(kN/m3) 18 14.5 18 16.5 16.5 19 
0k  4.6 0.9 (0.5 m-4.5 
m) 
0.64 (4.5 m-
8.5 m) 
0.55 0.55 0.55 - 
0e  2.0 3.0 2.23 2.0 2.0 - 
λ  0.5 0.5 - - - - 
κ  0.053 0.053 - - - - 
M  0.98 0.98 - - - - 
'φ
(degrees) - - 30 25 25 30 
'c  (kPa) - - 0 0 0 2 
ν  0.3 0.3 0.3 0.3 0.3 0.3 
E (MPa) - - 15 9 17 15 
k (m/s) 9.1×10-8 6.0×10-8 8.3×10-7 6.0×10-10 5.3×10-10 - 
Note: γ , unit weight; 0k , coefficient of lateral earth pressure; 0e , void ratio; λ ,  
slope of the isotropic normal compression line; κ , slope of the isotropic unload line; 
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M , stress ratio; 'φ , effective friction angle; 'c , effective cohesion; ν , Poisson’s 
ratio; E , elastic modulus; k , permeability 
 
Table 5-2: Properties of DCM columns 
Parameter Value 
Unit weight, γ  (kN/m3) 18 
Coefficient of lateral earth pressure, 0k  0.55 
Void ratio, 0e  2.0 
Effective friction angle, 'φ  (degrees) 27 (Peak),  13.5 (residual) 
Effective cohesion, 'c  (kPa) 57.5 (Peak), 28.5 (residual) 
Poisson’s ratio, ν  0.3 
Elastic modulus, E  (MPa) 27.1 
Permeability, k  (m/s) 6.0×10-8 
              
The material properties for the extended Mohr-Coulomb model are given in Table 
5-2. Figure 5-2 shows the variation of cohesion and friction angle with increasing 
plastic deviatoric strain in the strain-softening incorporated constitutive model. This 
model is incorporated in ABAQUS (2014) as a user-defined material subroutine 
(Appendix A). In this model, softening was initiated at the plastic strain of 1% and 
residual state was reached at the plastic strain of 12%. The ratio of residual to peak 
strength properties ( pres cc '/'  and pres '/' ϕϕ ) was taken as 0.5. These values are based 
on the parameters reported by Yapage et al. (2014 and 2015) for the extended Mohr-
Coulomb model based on the triaxial data for cement mixed soils. 
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 Figure 5-2: Variation of mobilized cohesion and friction angle with plastic deviatoric 
strain. 
5.4 Two-dimensional plane-strain model based on EA 
approach 
In this approach, the individual DCM columns are converted into continuous plane-
strain walls with an equivalent thickness ( )eqt , calculated using Equation 5.1 
(Ariyarathne et al. 2013; Indraratna and Redana 1997; Zhang et al. 2014). The 
equivalent column wall thickness was 0.38 m for the improved ground considered in 
this study. The material properties for the DCM column walls were the same as those 
used for individual DCM columns.  
s
Dteq 4
2π
=                                                                              (5.1) 
where D is the diameter of DCM columns and s is the spacing between DCM 
columns in the column grid arranged in a square pattern. 
Only half of the embankment was modelled in the two-dimensional plane-strain 
models due to the symmetry. A symmetrical boundary condition was assigned to the 
vertical boundary at the centreline of the embankment. The vertical boundary on the 
right side of the model was set at 65 m away from the toe of the embankment to 
minimise the boundary effects on the embankment and the lateral displacement of 
the vertical boundary was set to zero. Displacements at the bottom boundary were 
restricted in both vertical and horizontal directions. Zero pore water pressure was 
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assigned at the top of the soft clay layer allowing pore water pressure dissipation 
only across this boundary.  
DCM columns below the water table, soft clay, silty sand, firm clay and stiff to hard 
clay were modelled using eight-node quadrilateral elements with reduced integration 
and pore pressure degrees of freedom at the corner nodes (CPE8RP). The 
embankment fill, top firm clay and DCM columns above the water table were 
modelled using eight-node quadrilateral elements with reduced integration and 
without pore pressure degrees of freedom (CPE8R).  
5.5 Two-dimensional plane-strain model based on EP 
approach 
DCM columns were idealized into column walls with an effective wall thickness 
equal to the diameter of DCM columns (Ariyarathne et al. 2013; Chai et al. 2015). 
The equivalent material properties for the DCM column walls modelled using the 
extended Mohr-Coulomb model were calculated based on the area replacement ratio 
(ARR) as shown in Equations 5.2-5.5. Elastic modulus of the top firm clay and soft 
clay were estimated as 333 kPa and 2536 kPa respectively, using the equations;
 and  where K is the bulk modulus and  is the 
mean effective vertical stress in the soil layer (Rani et al. 2014). The estimated 
elastic modulus of the soft clay layer is larger than that of the top firm clay layer 
because the soft clay layer is subjected to a higher effective vertical stress than the 
top firm clay layer. However, when compared to the elastic modulus of DCM 
columns (27.1 MPa), the elastic modulus of the top firm clay as well as the soft clay 
is small and thus it has a minimum influence on the equivalent elastic modulus of the 
DCM wall improved ground beneath the slopes of the embankment. The effective 
cohesion of both top firm clay and soft clay were assigned as zero. Effective friction 
angle for soft clay and top firm clay were taken as 250 (Yapage et al. 2014) when 
calculating equivalent effective friction angle ( )eq'φ . The permeability of the column 
wall was not changed because the permeabilities of surrounding soft clay and DCM 
column were equal in this case history. The stress concentration ratio (n) was 
assumed as 6.5 (Yapage et al. 2014). Boundary conditions and the element types 
used in this model are similar to the plane-strain model based on the EA approach. 
)21(3 ν−= KE κ')1( 0 peK += 'p
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( )rsrceq aEaEE −+= 1                                                         (5.2) 
( )rsrceq acacc −+= 1'''                                                         (5.3) 
( )rsrceq aa −+= 1γγγ                                                           (5.4) 
( )
( ) 






+−
+−
= −
rr
crsr
eq naa
naa
1
'tan'tan1
tan' 1
φφ
φ                                (5.5) 
where eqE , cE  and sE are the elastic modulus of the equivalent column wall, DCM 
column and surrounding soil respectively; ra  is the area replacement ratio of DCM 
columns; eqc' , cc'  and sc'  are the effective cohesion of the equivalent column wall, 
DCM column and surrounding soil respectively; eqγ , cγ  and sγ  are the unit weight 
of the equivalent column wall, DCM column and surrounding soil, respectively; and 
eq'φ , c'φ  and s'φ  are the effective friction angle of the equivalent column wall, DCM 
column and surrounding soil, respectively.  
5.6 Axisymmetric unit cell model 
As described by Poon and Chan (2013) and Han and Gabr (2002), an individual 
DCM column and the surrounding soil influenced by the column can be idealized 
into a cylindrical soil mass, which is then simulated using an axisymmetric 
numerical model. Figure 5-3 illustrates the idealization of the individual column 
behaviour into an axisymmetric model. The diameter of the DCM column in the 
model was equal to the diameter of the actual column. The radius of the overall unit 
cell (R) was calculated as R=0.564s, where s is the spacing between DCM columns. 
 
Figure 5-3: Axisymmetric unit cell representation of the column-improved ground. 
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Eight-node axisymmetric quadrilateral elements with reduced integration and pore 
pressure degrees of freedom at the corner nodes (CAX8RP) were used for the subsoil 
layers and DCM columns, below the ground-water table. Eight-node axisymmetric 
quadrilateral elements with reduced integration and without pore pressure degrees of 
freedom (CAX8R) were used to model the top firm clay, as well as the embankment 
fill and DCM columns above the ground-water table. A symmetrical boundary 
condition was assigned to the vertical edge at the centre of the unit cell. Radial 
displacements at the opposite vertical boundary were restricted. The movements at 
the bottom boundary were restricted in both vertical and radial directions. Pore-water 
pressure dissipation was allowed only through the top boundary of the soft clay 
layer. The vertical boundaries of the unit cell were considered as impermeable, 
considering the symmetry of the unit cell. 
5.7 Three-dimensional unit cell model 
In this model, the soil block under the influence of a single DCM column is 
simulated using a square-shaped three-dimensional unit cell (Tan et al. 2008). The 
plan view of the 3D unit cell is shown in Figure 5-4. The DCM column at the centre 
of the unit cell was modelled as a square shaped column with an equivalent area. 
Hence, the width of the column was equal to 0.886D, where D is the column 
diameter. Only a quarter of the unit cell was modelled due to the symmetry of the 
unit cell (Figure 5-4). Although this method requires a model in three-dimensional 
space, it saves considerable time and computer memory due to the reduced number 
of elements in the model, when compared to a full three-dimensional model of the 
embankment. 
The three soil layers and the DCM column, below the ground-water table were 
modelled using twenty-node solid brick elements with reduced integration and pore 
pressure degrees of freedom at corner nodes (C3D20RP). The Top Firm Clay layer, 
the embankment and DCM column above the ground-water table were modelled 
using twenty-node solid brick elements with reduced-integration and without pore 
pressure degrees of freedom (C3D20R).  
Symmetrical boundary conditions were assumed along the two symmetrical vertical 
planes. Displacements in the transverse direction at the other two vertical planes 
were restricted. At the bottom boundary, displacements in all three directions were 
restricted. Displacement boundary conditions used in the model are shown in Figure 
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5-4. A zero pore water pressure boundary condition was assigned to the top surface 
of the soft clay layer. Therefore, the top surface of the soft clay layer was permeable. 
Vertical boundaries of the 3D unit cell were considered as impermeable due to 
symmetry.  
 
Figure 5-4: Three-dimensional unit cell representation of the column-improved 
ground. 
5.8 Comparison of results 
The compatibility of the simplified models was evaluated using computed results and 
field measured data for settlements, lateral deformations and pore water pressures. 
Effective vertical stresses and settlements near the centreline of the embankment, 
and load transfer mechanism within the embankment computed using different 
simplified models were also compared.  
5.8.1 Settlement  
Field measurements of settlement at 9.8 m away from the embankment centreline 
(Node A) are available for the case history. They were compared with computed 
settlements using plane-strain models created using EA and EP approaches as shown 
in Figure 5-5. Settlements predicted using 2D-EA model without incorporating the 
strain-softening behaviour of DCM columns is also included in Figure 5-5. 
Settlements predicted by the unit cell models are not included in Figure 5-5, because 
the unit cell model is not suitable to represent DCM columns 9.8 m away from the 
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centreline of the embankment, where lateral forces and deformations on columns are 
significant. 
As shown in Figure 5-5, the settlements predicted by the 2D-EA model agree well 
with the field measured settlements. Settlements in the absence of strain-softening 
behaviour (2D-EA model without strain-softening) are about 60% of the measured 
settlements and 2D-EA model results with strain-softening behaviour. This indicates 
that DCM columns in 2D-EA model with softening have yielded and subjected to 
softening during construction of the embankment.  
The 2D-EP model has highly underestimated the settlements and the settlements are 
close to the predictions of 2D-EA model without softening, which are about 50% of 
the settlements predicted by the 2D-EA model with softening and the field 
measurements. The reason for small settlements in the 2D-EP model is that the DCM 
columns were not subjected to strain-softening in this model, under the applied 
embankment load. The effective vertical stress variation in DCM column at the 
centre of the embankment in 2D-EP model confirms this statement and will be 
discussed in a later section. 
 
Figure 5-5: Settlements at 9.8 m away from the centre line of the embankment. 
Figures 5-6(a) and 5-6(b) show the settlements at the centreline of the embankment 
over the DCM column at the centre and over the surrounding clay, calculated using 
simplified numerical models. Settlement difference between the DCM column and 
the surrounding soil at the centre are very small. This may be due to the presence of 
relatively strong, 0.5 m thick top firm clay layer.  
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When compared with the predictions of 2D-EA model, other simplified models 
predicted very low settlements. The final settlement over the DCM column at the 
centreline of the embankment in the 2D-EA model was 470 mm whereas settlement 
predicted by 2D-EP, axisymmetric unit cell and 3D unit cell models were 198 mm, 
227 mm and 164 mm, respectively. It is observed that settlements in other three 
simplified models (2D-EP model, 3D unit cell and axisymmetric unit cell) are in the 
same range as those computed using the 2D-EA model without strain-softening. This 
observation suggests that DCM columns have not been subjected to complete strain-
softening as in the 2D-EA model (with strain-softening) in any of the 2D-EP, 
axisymmetric unit cell and 3D unit cell models. However, settlements in the 
axisymmetric unit cell model show continuous increment in settlement even after 
300 days of consolidation period. This is due to slight strain-softening within the 
DCM column in the axisymmetric unit cell model during the consolidation.  
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 (b) 
Figure 5-6: Settlement at the centreline of the embankment calculated using 
numerical models (a) settlements over DCM column (b) settlement over surrounding 
soil. 
Lateral deformations at the outer boundary of the 3D unit cell are assumed to be zero 
when simplifying the improved ground to a unit cell model. As a result, the DCM 
column at the centre of the unit cell is confined in the lateral directions. Therefore, 
bulging and shearing of the column is less likely. This may be another reason for the 
lowest settlements observed in the 3D unit cell model. 
5.8.2 Lateral deformation 
Lateral displacements measured at 1.5 m away from the toe of the embankment 
(Node B) and computed using two-dimensional plane-strain numerical models are 
compared in Figure 5-7. Lateral displacements predicted by the 2D-EA model 
matches well with the field measured displacements. Lateral deformations in the 2D-
EA model with softening keep increasing during the second construction stage in 
contrast to the 2D-EA model without softening. Therefore, it can be concluded that 
the increase in lateral deformation is due to strain-softening of DCM columns. Field 
measured data also shows a continuous increase in lateral displacements after 42 
days, similar to the numerical simulation. The slow reduction in lateral deformations 
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in the 2D-EA model after around 100 days is due to reduction in pore water 
pressures over the active zone during consolidation. It is not possible to give a reason 
for the sharp drop in field-measured lateral deformation and it was accepted as an 
instrument malfunction in the field.  
Lateral displacement predicted by the 2D-EP model agrees with the 2D-EA model 
predictions during the first construction step (0 - 42 days). However, the lateral 
displacements in the 2D-EP model reduced at the early stages of the second 
construction step due to the reduction in active pressures acting over the vertical 
plane passing through Section 1 in Figure 5-1(b). There are two pressures 
contributing to the magnitude of active pressure at the Section 1: (i) excess pore 
water pressures (reduction will move the wall panels towards the centre of the 
embankment) and (ii) lateral pressures due to embankment load (increase will move 
the wall panels away from the centre of the embankment). The reduction in active 
pressure is due to the predominant effect of excess pore water pressure dissipation 
compared to the effect of increase in lateral loads due to embankment construction.  
The DCM wall beneath the slope of the embankment moves back towards the centre 
of the embankment when the lateral pressure acting on the wall reduces. The lateral 
deformations increase again towards the end of the second construction stage when 
the pore water pressure dissipation rate is smaller than the rate of increase of lateral 
loads due to the construction of the embankment. The 2D-EP model significantly 
underestimated the final lateral displacement near the embankment toe. This is 
because the strain-softening has not taken place in the 2D-EP model. Another reason 
for small lateral deformations in the 2D-EP model is due to high shear and bending 
resistance provided by the equivalent column walls with large thickness used in the 
model compared to the 2D-EA model 
Figure 5-8 shows the lateral movements beneath the toe of the embankment at the 
end of the first construction stage and the second construction stage. Lateral 
deformations at the end of the first construction stage are similar in the 2D-EA 
model and 2D-EP model. The lateral deformations beneath the toe of the 
embankment after the second construction stage, in the 2D-EP model have decreased 
but those in the 2D-EA model have increased. However, the embankment loads 
applied on both models are similar. The reason for increased lateral deformations in 
the 2D-EA model during the second construction period is due to the increase in 
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excess pore water pressures in the subsoil (Figure 5-9). This caused large lateral 
pressures applied on the DCM wall resulting an increase in lateral deformations in 
the 2D-EA model. The higher pore water pressures in the 2D-EA model are due to 
transfer of vertical loads from DCM columns back to the surrounding soil subsequent 
to yielding of columns. This confirms that the larger lateral movements in the 2D-EA 
model are due to strain-softening of DCM columns. 
 
Figure 5-7: Lateral deformations at 1.5 m away from the toe of the embankment. 
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 Figure 5-8 : Lateral displacement profile beneath the toe of the embankment 
5.8.3 Pore water pressures 
Excess pore water pressures at 0.8 m away from the centreline of the embankment 
and 4.5 m depth from the ground surface was measured during the construction of 
the embankment. Figure 5-9 shows a comparison of measured excess pore water 
pressures and the excess pore water pressures extracted from the simplified 
numerical models.  
The computed pore water pressure variation profiles show good agreement with the 
pore water pressure generation and dissipation trends in the measured data. All 
numerical models show that the maximum pore water pressure at the end of the first 
construction stage and a second peak at the end of the second construction period, 
similar to the measured pore water pressure distribution. However, the computed 
pore water pressures are lower than the measured pore water pressures throughout 
the time considered. The maximum pore water pressure recorded at the site is 28.9 
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kPa. Maximum pore water pressures predicted by 2D-EA model, 2D-EP model, 
axisymmetric unit cell model and 3D unit cell model at the end of first construction 
stage are 20.1 kPa, 18.9 kPa, 21.4 kPa and 21.6 kPa respectively. This indicates that 
the pore water pressure dissipation is fast in the numerical models compared to the 
actual ground.  
Consolidation of the soft clay layer after the full completion of the embankment is 
also fast in the numerical models compared to the field embankment. All four 
numerical models show over 98% consolidation at 250 days, whereas the field data 
show only 73% consolidation at 250 days. When the settlements at the site are 
considered, the final settlements have become stable after around 250 days. These 
data suggest that the large percentage consolidations predicted by the numerical 
models at 250 days are reasonable.  
The 2D-EA model shows a large pore water pressure increment at the end of the 
second construction stage. This is associated with the softening of DCM columns. 
Stresses acting on DCM columns are transferred to the surrounding soil during 
softening of DCM columns. As a result, pore water pressure in the surrounding soil 
increases during the post-yield softening of columns.  
 
Figure 5-9: Pore water pressure variation at mid-depth of the soft clay layer. 
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5.8.4 Effective vertical stress and stress concentration ratio 
Effective vertical stresses over the DCM column at the centre of the embankment 
and the surrounding soil computed using the numerical models are shown in Figures 
5-10(a) and 5-10(b), respectively. The recorded maximum effective vertical stresses 
over the centre DCM column are comparable in the 2D-EA model, the 3D unit cell 
model and the axisymmetric unit cell model. The 2D-EP model shows the lowest 
effective vertical stress over the centre DCM column due to the distribution of the 
load transferred to the columns over a large plan area.  
As shown in Figure 5-10(a), vertical stresses over the DCM column in the 2D-EA 
model reduced largely at the beginning of the second construction stage (42 – 64 
days). This stress reduction corresponds to the strain-softening of the DCM column. 
The 2D-EA model without softening shows an increase in vertical stresses during the 
second construction stage. As a result of strain-softening, the stress concentration 
ratio of the 2D-EA model, which is defined as the ratio between the vertical stress 
over a column and the vertical stress over the surrounding soil, reduces from 9 to 4 
as shown in Figure 5-11. The 2D-EP model shows a slight reduction in stress 
concentration ratio during the second construction stage indicating that the column 
has reached its yield strength. However, the slight reduction in stress concentration 
ratio indicates that the complete post-yield softening has not occurred.  
The 3D unit cell model shows a maximum vertical stress of 256 kN/m2 over the 
DCM column, which is close to the maximum stress predicted by the 2D-EA model 
(285 kN/m2). However, the vertical stress distribution of the 3D unit cell model is 
similar to that of the 2D-EA model without strain-softening. The no reduction in 
vertical stress after 42nd day confirms that there is no strain-softening within the 
DCM column. Although the vertical stress acting over column and soil does not 
show any reduction in the 3D unit cell model, a reduction in stress concentration 
ratio was observed after day 42. This observation suggests that the rate of increase in 
load carried by the soil is higher than that of the column, although columns carry a 
large portion of the embankment load.  
Vertical stress over DCM column in the axisymmetric unit cell model increases until 
the end of the construction of the embankment. During the consolidation period, 
vertical stress on the column reduces gradually and vertical stress over surrounding 
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soil increases correspondingly. This indicates that the strain-softening has initiated in 
the axisymmetric unit cell. The continuously reducing stress concentration ratio also 
shows that the strain-softening is taking place in this model.  
The effective vertical stresses over surrounding natural soil are significantly smaller 
than that of DCM columns in all four models. This is due to the higher stiffness of 
columns compared to the surrounding soil and the load transfer mechanism through 
soil arching, as discussed in the next section. The 2D-EA model with strain-softening 
shows the largest effective vertical stresses over surrounding soil due to the stress 
redistribution from DCM columns to the surrounding soil during softening of DCM 
columns. The effective vertical stresses over the surrounding soil are at the lowest in 
the 2D-EP model. This is due to transferring a large proportion of embankment load 
to DCM columns in the 2D-EP model. In the next section, the difference between 
results given by each of these models will be discussed considering the load transfer 
mechanism in terms of the arching theory. 
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 (b) 
Figure 5-10: Effective vertical stresses at the centre of the embankment (a) Over 
column (b) over surrounding soil. 
 
Figure 5-11: variation of stress concentration ratio with time. 
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5.9 Arching effect of DCM columns 
5.9.1 Load transfer mechanism 
Soil arching is the main mechanism that transfers the embankment load to the 
columns, in unreinforced column-supported embankments (Ellis and Aslam 2009; 
Jennings and Naughton 2012; Zhuang et al. 2010). In this section, the load transfer 
mechanism in each model is investigated to shed some light on the difference 
between results from each model.  
According to the literature, fully developed and stable arches form within the 
embankment fill, when the embankment height is relatively larger than the clear span 
between columns. For example, when the embankment height exceeds two to three 
times the clear span (Potts and Zdravkovic 2010; Zhuang et al. 2010; Zhuang et al. 
2012). The weight of the undisturbed part of the fill above the arch is transferred to 
the columns through these soil arches. The embankment discussed in this study is a 
tall embankment with a height greater than eleven times the clear span between 
columns. Therefore, development of full arches within the embankment is expected. 
In this section, the load transfer mechanism through soil arching, in the four different 
simplified models is discussed. The changes in the arching mechanism due to strain-
softening of the DCM columns are also discussed later in this section.  
Vertical stress distributions over the distance between mid-point of the centre 
column and the centre of the span between two columns at the centre of the 
embankment for the four simplified models are shown in Figures 5-12(a) to (d). 
These stresses we extracted at 0.25 m above the base of the embankment. If there is 
no soil arching, the vertical stress distribution over the DCM columns and the 
surrounding soil should be Hγ  kN/m2, where H is the fill height and γ is the unit 
weight of the fill material. In this case, Hγ is equal to 95.38 kPa. As illustrated in 
Figure 5-12, all models show large vertical stresses exceeding 95.38 kPa over the 
DCM columns and lower than 95.38 kPa over the mid-span between two columns. 
This observation confirms that soil arching occurs in all four models due to high 
stiffness of the DCM column compared to the stiffness of the surrounding soft clay. 
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 (d) 
Figure 5-12: Vertical stress distributions at 0.25 m above the base of the 
embankment after first construction stage (42 days) (a) 2D-EA model, (b) 2D-EP 
model, (c) Axisymmetric Unit cell model, (d) 3D Unit cell model. 
The highest concentrated vertical stresses above the DCM column were observed in 
the 2D-EA model (Figure 5-12 (a)) and as a result, strain-softening occurred in the 
2D-EA model, as discussed in the previous section. Hence, the vertical stress 
difference between the surrounding soil and the DCM column was highest in the 2D-
EA model. The 2D-EP model does not show a large stress difference as in the 2D-
EA model and unit cell models. As discussed in the previous section, the vertical 
stress above the DCM column in the 2D-EP model is the smallest due to spreading of 
the transferred load over the large cross-sectional area of the columns. A notable 
difference in the vertical stress distributions in the plane-strain models and the unit 
cell models is that the plane-strain models show a peak stress at the centre of 
columns and unit cell models show nearly a uniform stress distribution close to the 
centre of the column.   
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 Figure 5-13:Vertical stress distribution in the fill above the centre of the span 
between columns. 
Figure 5-13 shows the vertical stress distribution in the fill above the centre of the 
span between the columns, close to the centre of the embankment, at the end of the 
first construction stage (after 42 days), for the four simplified models. Vertical stress 
profiles of all the models follow the same vertical stress profile as the overburden 
stress profile up to an approximate level of 1 m above the base of the embankment. 
Below this level, the vertical stresses reduced when getting close to the embankment 
base.  
Theoretically, the vertical stresses should reduce over the thickness of an arch from 
the crown up to the invert. Therefore, in Figure 5-13, the point at which the vertical 
stress starts to decrease indicates the crown of the arch formed within the 
embankment fill. Below the invert of the arch, vertical stresses should again start to 
increase parallel to the overburden stress distribution above the crown of the arch. 
According to Figure 5-13, an increase in vertical stress below the invert of the arch is 
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observed only for the 2D-EA model. In the other three models, vertical stress reduces 
up to the level of the column heads without showing an increase. Therefore, it can be 
concluded that an arch of thickness about 0.55 m is formed in the 2D-EA model 
above the columns.  
If the clear spans for the four cases are compared, they are 0.92 m, 0.5 m, 0.67 m and 
0.6 m, respectively, for the 2D-EA, 2D-EP, axisymmetric unit cell and 3D unit cell 
models. Based on the results shown in Figure 5-13, it appears that a soil wedge is 
formed above the clear span in the 2D-EP model. This phenomenon is confirmed by 
the continuous reduction in vertical stresses below the crown of the wedge above the 
clear span between columns. The same theory of the formation of a wedge is 
applicable to unit cell models, where a continuous reduction in vertical stresses is 
observed from the crown of the wedge up to the level of the column heads. 
The soil wedge mechanism in 2D-EP and other two unit cell models were formed 
due to the reduced spacing between columns and this mechanism has clearly reduced 
the embankment load transferred to the columns. Therefore, there is no softening 
observed as in the case study in these models and only 2D-EA model has the ability 
to replicate the realistic load transfer mechanism as occurred in the field study. These 
results indicate that to maximise the embankment loads transferring to columns, 
there is an optimum distance between columns and if they are spaced too close, the 
full benefit of the utilisation of stiffer columns than soft clay may not be able to 
achieve in practice. 
Another important observation is the shape of the arch with a finite thickness formed 
above columns in the 2D-EA model. According to BS 8006 (2010), the thickness of 
the arch formed above columns is equal to the half width of columns and the formed 
arch has a radius of half the spacing between columns. Based on the results presented 
in this paper, the thickness of the arch is about 0.55 m, as shown in Figure 5-13, but 
it is greater than the half of the thickness of columns in the model, which is 0.19 m. 
Also, the distance from the base of the embankment to the crown is about 0.8 m, 
which is more than the half of the spacing between columns, which is 0.65 m in this 
case. 
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5.9.2 Load transfer during strain-softening of DCM columns 
Among the four numerical models considered in this study, only the 2D-EA model 
showed strain-softening within DCM columns. Therefore, 2D-EA model is used in 
this section to investigate the load transfer mechanism within the embankment fill 
during softening of DCM columns. 
Vertical stress distributions at 0.25 m above the base of the embankment, before (at 
42 days) and after (at 92.9 days) the softening of the DCM columns are shown in 
Figure 5-14. The vertical stresses were normalised by the self-weight of the soil 
above the considered location, to make the comparison of stress distributions 
convenient at the two stages. As shown in Figure 5-14, the vertical stress above the 
column has reduced and the vertical stress over surrounding soil has increased after 
softening started, indicating that the load from the column has been transferred to the 
surrounding soil during the softening of DCM columns.  
The vertical stress distribution in the fill above the centre of the span between the 
columns is shown in Figure 5-15. In this figure the vertical stresses after softening 
are larger than the stress before softening due to the increase in embankment height 
by 0.3 m from day 42 to day 93.9. This difference is corresponding to the self-weight 
of the increased embankment height. Other characteristics of the arching mechanism 
such as height to the crown of the arch, thickness of the arch and the reduction of 
stresses below the crown were not significantly changed during the strain-softening. 
Therefore, it can be concluded that although there is a stress redistribution from 
DCM columns to the adjacent soil during the strain-softening, the shape of the arch 
formed within the embankment fill is preserved during this process.  
132 
 
 Figure 5-14: Vertical stress distributions at 0.25 m above the base of the 
embankment in 2D-EA model, before and after the strain-softening of DCM 
columns. 
 
Figure 5-15: Vertical stress distribution in the fill above the centre of the span 
between columns, in 2D-EA model, before and after the strain-softening of DCM 
columns. 
0
0.5
1
1.5
2
2.5
0 0.2 0.4 0.6 0.8
Ve
rt
ic
al
 st
re
ss
/γ
H 
Distance from column centreline (m) 
Before softening
After softening
0
1
2
3
4
5
6
0 20 40 60 80 100
He
ig
ht
 a
bo
ve
 th
e 
em
ba
nk
m
en
t b
as
e 
(m
) 
Vertical stress (kPa) 
Before softening
After softening
133 
 
5.10 Conclusions 
Simplified modelling approaches for DCM column-supported embankments were 
investigated in this chapter while considering the post-yield strain-softening 
behaviour of DCM columns. The embankment was simulated using 2D-EA, 2D-EP, 
axisymmetric unit cell and 3D unit cell models and the results were compared with 
field measured data for a case study from part of the Pacific Highway upgrade 
project in the East coast of Australia.  
The 2D-EA model results showed a good agreement with field measured settlements 
and lateral displacements. Settlements and lateral deformations predicted by the 2D-
EP model, axisymmetric unit cell model, and 3D unit cell model were lower than 
those measured during the embankment construction and predicted by 2D-EA model 
since DCM columns have not been yielded in those models. All four simplified 
models showed lower pore water pressures than the measured values. This may be 
due to the pore water pressure dissipation rates were fast in numerical models than in 
the field. The pore water pressures computed using the 2D-EA model showed large 
pore water pressure increment during softening of DCM columns.  
The vertical stress variation over the DCM column and surrounding soil at the 
embankment centreline clearly indicates the strain-softening of DCM columns in the 
2D-EA model. 2D-EP model, axisymmetric unit cell model and 3D unit cell model 
did not show strain-softening in DCM columns. All four simplified models 
considered in this study confirm arching within the embankment. The height to the 
crown of the arch was approximately the same in all four models. However, the load 
transfer below the arch was different among the models and was associated with the 
clear span between DCM columns. The 2D-EA model confirms the formation of an 
arch with a thickness approximately 0.35 m, which is very close to the radius of 
DCM columns, 0.4 m. But in the other three models, vertical stresses reduced below 
the crown of the arch up to the embankment base, confirming the formation of a 
solid wedge above the clear span. During strain-softening of DCM columns in the 
2D-EA model, a reduction in vertical stresses transferred to the columns and an 
increase in the vertical stresses transferred to the surrounding soil were observed 
confirming the stress redistribution from columns to the soft ground during column 
failure.  
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Based on the results presented in this paper it is clear that only 2D-EA approach is 
suitable for simulating DCM column-supported embankments when there is a 
likelihood of column failure. 
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Chapter 6 
6 Effectiveness of T-shaped DCM 
column-supported embankments in 
preventing post-yield strain-softening  
6.1 Introduction 
Chapter 6 is devoted to investigate the advantages of using T-shaped DCM columns 
instead of uniform DCM columns to support embankments located over soft soil 
deposits. Numerical models developed in this section are similar to the numerical 
models validated in Chapters 3 and 5 for small scale laboratory experiments and for 
the full scale embankment. 
Deep cement mixing (DCM) technique is widely used to stabilise soft ground 
underneath embankments to reduce deformations and to increase the overall stability. 
Although DCM approach is originated in Nordic countries and in Japan, currently it 
is widely being used in many other countries including Australia. In DCM improved 
ground, differential settlement between native soft ground and DCM columns is a 
common problem. In conventional DCM column-supported embankments, the DCM 
columns are closely spaced and a load transfer platform (LTP) in the form of 
compacted gravel or a geosynthetic layer is placed above the level of column heads, 
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to reduce excessive differential settlements (Deb and Mohapatra 2013; King et al. 
2017; Liu et al. 2007; Wu et al. 2017; Yapage and Liyanapathirana 2014; Zhang et 
al. 2016). 
In recent years different column configurations are emerged to improve the 
efficiency of DCM column-supported embankments. Recently, a T-shaped DCM 
column configuration is adopted for the Husuzhe Highway project in the Jiangsu 
Province of China (Liu et al. 2012). In these columns, the top few meters have a 
larger diameter than the rest of the DCM column. It is expected that T-shaped 
columns have the capacity to carry more loads than conventional DCM columns with 
uniform cross section. When these columns are used to support embankments, the 
load transferred to the surrounding soil is minimised resulting low differential 
settlements and faster consolidation than conventional DCM column-supported 
embankments (Liu et al. 2012; Phutthananon et al. 2018; Yi et al. 2009). After 
conducting physical model tests and numerical analyses, Yi et al. (2010), Yi et al. 
(2017) and Yi et al. (2016) concluded that T-shaped DCM columns have a higher 
bearing capacity compared to conventional DCM columns with uniform cross 
section. 
During the Pacific Highway upgrade project in NSW, Australia, a combination of 
individual DCM columns beneath the crest and DCM wall panels beneath the slopes 
were used to reduce settlement and lateral deformations in the embankment. 
However, the in-depth investigation on this case history by Yapage et al. (2014) 
showed that the settlements were not reduced to desirable levels using the proposed 
column configuration, due to low bearing capacity of the improved ground. In this 
chapter, the role of T-shaped DCM columns in resisting excessive deformations and 
preventing post peak softening of DCM columns is investigated using the 
aforementioned embankment case history. In addition to the soil improvement 
configuration proposed in the embankment case history, four alternative design 
approaches including T-shaped DCM columns are numerically simulated in this 
chapter. The overall performance of the embankment with the proposed design 
approaches is compared with the case history to identify the efficiency of T-shaped 
columns in ground improvement. 
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6.2 Proposed design options 
The case history of the embankment described in Section 5.2 in Chapter 5 is used for 
this study. The embankment is improved with individual DCM columns beneath the 
crest and DCM wall panels beneath the slopes (Figure 5-1). The panels were used to 
limit the lateral deformations and the design team came to the conclusion that the 
panels are the most efficient approach to control lateral deformations. However, the 
design failed to meet the design criteria due to yielding of DCM columns. In this 
section, four other alternative design approaches are investigated. The objective of 
this study is to investigate alternative design options that yield better performance of 
the embankment. The alternative design options proposed in this study are described 
in Table 6-1. A design option with uniform DCM columns beneath the crest and 
slopes (Option 1) was also analysed in this study to facilitate understanding the role 
of DCM wall panels, T-shaped DCM columns and geosynthetic reinforcement, 
distinctively, in reducing settlement and lateral deformations. 
Table 6-1 : Description of the suggested design options 
Design 
option 
Description Remarks 
Case 
history 
DCM columns beneath the crest and 
DCM column walls beneath the slopes 
Sc = 1.3 m,  
Sw = 3 m  
Option 1 
DCM columns beneath the crest and 
slopes  
Sc = 1.3 m 
Option 2 
DCM columns beneath the crest and 
slopes + geosynthetic reinforcement 
Option 3 
T-shaped DCM columns beneath the 
crest and slopes Sc = 1.3 m,  
DT = 1.1 m,  
LT = 3m Option 4 
T-shaped DCM columns beneath the 
crest and slopes +  geosynthetic 
reinforcement 
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Note: Sc - spacing between columns, Sw – Spacing between column walls, DT – 
Diameter of the T-shaped column head, LT – Length of the T-shaped column head 
6.3 Numerical modelling 
The case history of the embankment and the proposed reinforcement options for the 
highway embankment described in the previous section was simulated using 2D 
plane-strain models developed in the ABAQUS/Standard (2014) finite element 
programme.  
The 3D embankment problem was converted to 2D plane-strain model based on 2D-
EA approach, as described in Section 5.3. The material models, element types and 
boundary conditions used in the numerical models are same as in Section 5.4.  
The geosynthetic layer introduced in Options 2 and 4 was modelled using an elastic 
perfectly plastic material model. Three-node quadratic displacement truss elements 
(T2D3) were used to model the geosynthetic layer. The tensile stiffness of the 
geosynthetic was 2000 kN/m and the thickness was 4 mm. The tensile strength of the 
geosynthetic was taken as 300 kN/m. The interaction between the geosynthetic layer 
and the embankment fill material was modelled as a surface to surface contact with 
an interface friction coefficient of 0.8. 
6.4 Results and discussion 
The performance of the embankment with different soil improvement options is 
compared in this section using column efficiency, consolidation performance and 
deformations.  
6.4.1 Column efficacy 
Column efficacy is an indication of the proportion of load carried by the columns 
compared to the total load applied on the ground. The column efficacy, cη , was 
calculated using Equation 6.1.  
Hs
P
c γ
η 2=                                                                               (6.1) 
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where P  is the total load on the pile, s  is the pile spacing in a square patterned 
column grid, H  is the embankment height and γ  is the unit weight of soil. The 
average vertical load over the second column from the centre of the embankment, at 
the end of consolidation period, was considered in calculating P .  
Figure 6-1 shows the efficacy of columns for different design options, at the end of 
the first construction stage (42 days) and at the end of the consolidation period. In 
the case history, Option 1 and Option 2, the column efficacy was high at the end of 
the first construction stage. The column efficacy in these three models reduced after 
the first construction stage due to strain-softening of DCM columns. When the 
columns subject to strain-softening, the loads on DCM columns redistribute to the 
surrounding soil. Therefore, the column efficacy reduces. The case history and 
Option 1 shows approximately similar levels of column efficacy. The column 
efficiency increased in about 3% after incorporating the geosynthetic reinforcement, 
in Option 2. This is because geosynthetic reinforcement transfers more loads onto 
DCM columns through axial tension.  
A significant increase in column efficacy is observed when the embankment is 
improved with T-shaped DCM columns in Option 3, compared to the case history. 
This indicates that more embankment load is attracted by the T-shaped DCM 
columns compared to the uniform DCM columns used in the case history. The effect 
of geosynthetic reinforcement on the column efficacy is small when the embankment 
is improved with T-shaped DCM columns. The column efficacy increased by only 
1% in Option 4 compared to Option 3. In the T-shaped DCM column-improved 
ground (Option 3 and Option 4), the columns did not subject to strain-softening. 
Therefore, the efficacy of columns increased further during the second construction 
stage and during the consolidation period.  
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 Figure 6-1: Column efficacy in different design options 
6.4.2 Consolidation performance 
Excess pore water pressure variations at the mid-depth of the soft clay layer near the 
embankment centreline are plotted against time in Figure 6-2 for all design options. 
The pore water pressures increase during the first construction stage in all design 
options due to increasing embankment load. In the second construction stage, the 
increasing rate of load due to construction of the embankment is smaller than the 
pore water pressure dissipation rate. Therefore, a net reduction in pore water 
pressures is observed at the beginning of the second construction stage, in all 
options. However, a sudden increase in pore water pressures is observed in the case 
history and in Option 1, later during the second construction stage. This pore water 
pressure increment is corresponding to the strain-softening of DCM columns. The 
vertical load over DCM columns redistributes to surrounding natural soil after the 
strain-softening of DCM columns, causing an increase in pore water pressure in the 
soil layer. In Option 2, where a geosynthetic layer is placed over the uniform DCM 
columns, the pore water pressure increment due to strain-softening occurred at about 
300 days. This is because the geosynthetic reinforcement redistributes the vertical 
load over yielded columns onto un-yielded columns, delaying the strain-softening. 
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The pore water pressure variation in Option 3 and Option 4 does not indicate strain-
softening of columns. Therefore, the ground consolidates faster in Option 3 and 
Option 4 than the case history, the Option 1 and the Option 2. Introducing a 
geosynthetic reinforcement layer with T-shaped DCM columns did not improve the 
consolidation performance of the improved ground.   
 
Figure 6-2: Excess pore water pressure variation with time 
6.4.3 Deformations  
Figure 6-3 shows the final settlement profile along the base of the embankment and 
Figure 6-4 shows the lateral displacement profile below the toe of the embankment, 
with different reinforcement conditions. Among the five reinforcement conditions 
considered, the case history shows the largest settlements. Settlements in the case 
history are large near the centreline of the embankment. Settlements close to the 
centreline of the embankment in Option 1 are lower than the case history. However, 
settlements close to the slope of the embankment are large in Option 1 compared to 
the case history. The maximum settlement in Option 1 occurred at 7.15 m away from 
the centreline of the embankment. This is because of the reduced lateral load 
resistance in Option 1 after replacing the DCM wall with individual DCM columns. 
The lateral deformation profile also shows large deformations close to the toe of the 
embankment in Option 1.  
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Figure 6-3: Final settlement profiles along the base of the embankment 
 
 
Figure 6-4: Lateral displacement profiles beneath the toe of the embankment 
Both settlements and lateral deformations reduced in Option 2 compared to Option 1, 
due to the effect of geosynthetic reinforcement. The maximum settlement was 
0
50
100
150
200
250
300
350
400
450
500
0 5 10 15 20 25 30
Se
tt
le
m
en
t (
m
m
) 
Distance from centre line (m) 
Case history
Option 1
Option 2
Option 3
Option 4
Crest of the embankment Slope of the embankment 
0
5
10
15
20
25
0 20 40 60 80 100 120
De
pt
h 
(m
) 
Lateral displacement (mm) 
Case history
Option 1
Option 2
Option 3
Option 4
143 
 
reduced by 7% after introducing the geosynthetic reinforcement. When a 
geosynthetic reinforcement layer is incorporated into the column-supported 
embankment in Option 2, the maximum lateral deformation was reduced from 117.7 
mm (in Option 1) to 43.2 mm. Although this reduction is only about 30% compared 
to the case history, the improvement is very significant compared to Option 1, where 
only individual DCM columns are used underneath the side slopes and the centre of 
the embankment. The differential settlement between soil and DCM columns is also 
reduced slightly in Option 2 compared to Option 1. The lateral displacement profile 
observed for Option 1 indicates a column-tilting type deformation beneath the toe 
(Figure 6-4). When it comes to Option 2, the displacement profile has changed to a 
bending type deformation, due to the effect of the geosynthetic reinforcement. The 
maximum tensile stress in the geosynthetic layer in Option 2 is 183 kPa. This clearly 
indicates the influence of geosynthetic reinforcement in reducing deformations in 
conventional uniform DCM column-improved ground.  
When the ground is improved with T-shaped DCM columns the settlements at the 
base of the embankment reduced significantly. The reduction of maximum 
settlement in the T-shaped DCM column-improved ground in Option 3 and Option 4, 
respectively, are 51% and 56% compared to the case history. Differential settlements 
are also small in T-shaped DCM column-improved ground compared to the ground 
improved with uniform DCM columns and the case history. Furthermore, the 
settlements beneath the slope of the embankment are slightly lower in Option 3 and 
Option 4 than in the case history where DCM walls were used beneath the slopes. 
The reduction in maximum lateral displacement in Option 3 and Option 4, compared 
to the case history, are 45% and 52% respectively. It shows that the T-shaped DCM 
columns improved the lateral stiffness and bearing capacity of the subsoil layer 
better than the combination of individual DCM columns and DCM column walls 
used in the Case history. However, the yielding of DCM columns could not be 
completely avoided by using T-shaped DCM columns. In Option 3 and Option 4, the 
T-shaped DCM columns indicated yielding below the length of the column head, at a 
depth of 3.75 m. However, the plastic strains in the T-shaped DCM columns were 
not large enough to cause post yield strain-softening. 
In Option 4, the T-shaped DCM column-improved embankment is reinforced with a 
geosynthetic layer. As observed in Figure 6-3, the lowest settlement and lateral 
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deformation are given by Option 4. However, compared to Option 3, the 
performance of the embankment has improved only marginally in the Option 4. The 
maximum tensile stress observed in the geosynthetic layer in Option 4 is 81 kPa. 
This shows that the geosynthetic layer is not significantly contributing to resist the 
lateral deformations in the embankment, in Option 4. Therefore, among the 
suggested options, Option 3 is the most effective solution. However, it should be 
noted here, that the area replacement ratio of soil improvement is not the same in the 
design options considered in this study. 
6.5 Conclusions 
The efficiency of T-shaped DCM columns used in DCM column-supported 
embankments was investigated in this paper, while considering the post-yield strain-
softening behaviour of DCM columns. The study was carried out using 2D plane-
strain finite element models. A case history of an embankment improved with 
individual DCM columns beneath the crest and DCM walls beneath the slopes is 
used for the study. The design options considered for the embankment, in this study 
are; (1) only individual DCM columns (Option 1), (2) individual DCM columns and 
geosynthetic reinforcement (Option 2), (3) T-shaped DCM columns (Option 3) and 
(4) T-shaped DCM columns and geosynthetic reinforcement (Option 4). The 
performances were evaluated in terms of efficacy of columns, consolidation 
performance and ground deformations. The uniform DCM column-improved 
embankment (Option 1) showed further improvement in lateral deformations and 
settlements when a geosynthetic reinforcement layer is incorporated, which is the 
Option 2 considered in this paper. Also, these results show that the geosynthetic 
layer has contributed significantly in reducing deferential settlements. The 
embankment improved with T-shaped DCM columns showed significantly lower 
settlements, differential settlements and lateral deformations, and higher 
consolidation rate compared to the case study, the Option 1 and the Option 2. When 
geosynthetic reinforcement is used along with T-shaped DCM columns (Option 4), 
the reductions in lateral deformations, settlements and differential settlements, 
compared to Option 3, are very small. This indicates that the geosynthetic layer is 
less effective when used with T-shaped DCM columns. 
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Chapter 7 
7 Significance of Variability of Deep 
Cement Mixed Columns on the 
reliability of Column-Supported 
Embankments 
7.1 Introduction 
Chapter 3 to Chapter 6 presented analyses of DCM column improved ground using 
the deterministic approach, where the strength of DCM columns was considered as 
uniform. Advancing the work reported in previous chapters, Chapter 7 presents 
reliability analyses of a DCM column improved embankment along with its 
deterministic analysis. The importance of the work conducted in Chapter 7 is that the 
strain softening behaviour of DCM soil is incorporated in the reliability analysis, 
which is critical when evaluating the failure of ground improved with DCM 
columns.  
Deep cement mixing is a soft ground improvement technique widely used to enhance 
the mechanical properties of in-situ soils, where the soft ground is chemically 
solidified and strengthened by in-situ mixing of soil with dry cement or cement 
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slurry. The inherent variability of the natural soil and non-uniform mixing cause a 
significant variability of mechanical properties over the material space of deep 
cement mixed (DCM) soils (Babu et al. 2011; Porbaha 2002; Terashi 2003). 
Therefore, the performance of structures founded on DCM ground becomes 
uncertain (Honjo 1982; Kasama et al. 2012; Namikawa and Koseki 2013). However, 
this effect cannot be assessed by a deterministic analysis (Duncan 2000; Möller and 
Hansson 2008; Phoon 2004), where one set of material properties is assumed to be 
constant over the material space. Therefore, many studies found in the literature 
recommend carrying out reliability analysis of DCM column-supported 
embankments, in addition to the conventional deterministic design (Al-Naqshabandy 
and Larsson 2013; CEN 2002; Larsson and Bergman 2015; Porbaha et al. 1999).  
Influence of spatial variability of mechanical properties on the compressive strength 
of cement treated soil specimens was investigated by Namikawa and Koseki (2013) 
and Namikawa (2016). Liu et al. (2015) studied the behaviour of a cement-treated 
soil slab under lateral compression when the cement-treated soil strength varies 
spatially. Kasama et al. (2012) investigated the changes in the bearing capacity of a 
shallow footing located on a cement-treated soil block, by varying the properties of 
the cement-treated soil. Liu et al. (2015), Namikawa and Koseki (2013) and 
Namikawa (2016) considered the strain-softening incorporated mechanical behaviour 
to simulate the cement-treated soil along with the spatial variability of mechanical 
properties. Zhang et al. (2017) investigated the stability of slopes fully improved 
with cement-stabilized marine clay considering the spatial variability of mechanical 
properties of cement-mixed soil. In addition, there are many research studies found 
in the literature investigating slope stability and bearing capacity incorporating the 
spatial variability of untreated in-situ soils (e.g., Cho (2007), Fenton and Griffiths 
(2005), Huang et al. (2010), Jiang and Huang (2016), Kasama and Zen (2011), Li et 
al. (2015a) Li et al. (2015b), Liu et al. (2017a)).  
Although many studies are found in the literature investigating the variability of 
material properties of in-situ soils or cement mixed soils individually, only few 
studies have investigated the influence of strength variability on the performance of 
composite foundations consist of both cement-mixed and in-situ soils (Al-
Naqshabandy and Larsson 2013; Al-Naqshabandy et al. 2012b; Huang et al. 2015; 
Navin 2005; Navin and Filz 2006). These studies showed that the reliability of the 
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ground improvement utilising cement stabilisation is overestimated if a deterministic 
analysis is performed. The reliability level of a foundation system highly depends on 
the degree of strength variability. Although DCM columns are not designed to fail in 
practice, spatial variability of mechanical properties can lead to localized failure 
within the columns. These effects cannot be addressed using only a conventional 
deterministic analysis. In such circumstances, a numerical analysis that incorporates 
both strength variability and strain-softening behaviour is required to predict the 
reliability of the system. Also by incorporating variability into a finite element 
analysis, it is possible to identify the tolerable percentage of defective test specimens 
that can be allowed during the quality assurance process to achieve the required 
performance level.  
In this chapter, the influence of strength variability on the reliability of a DCM 
column-improved embankment is investigated incorporating the post-yield strain-
softening behaviour of DCM columns. Shear strength, compressive strength and 
elastic modulus of DCM columns were considered as stochastic parameters in the 
analysis. Three series of reliability analyses were conducted assuming different cases 
of spatial variability: variation of properties for each analysis (properties of all DCM 
columns are the same for an analysis), variation of properties in columns (properties 
are uniform within each column) and spatial variability of properties within each 
column. The embankment performance was investigated for different mean 
strengths, coefficients of variation and spatial correlation lengths under each 
variability case. The analysis was carried out using two-dimensional plane-strain 
finite element models developed in the ABAQUS/Standard (2014) finite element 
program combined with a MATLAB program developed by the authors to generate 
material properties of columns considering variability and to execute the 
ABAQUS/Standard (2014). Monte Carlo method was used to evaluate the 
probability of unsatisfactory performance of the embankment.  
The cement content used in the DCM design also affects the reliability of a DCM 
column supported embankment. However, in the current analysis, cement content 
was not considered as a direct input parameter. Although DCM cement content 
affects the mean unconfined compressive strength (UCS) and the degree of strength 
variability (COV) of DCM soil, it is not the only parameter that affects UCS and 
COV of DCM soil. Many other parameters such as mixing technique, soil type, 
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curing conditions and variability of natural soil, affect the mean UCS and COV of 
DCM soil. While the influence of DCM soil’s cement content on the reliability of the 
foundation system has been indirectly incorporated in the analysis through material 
properties and COV, current analysis is not capable of distinguishing the effect of 
cement content on the reliability from the other influencing parameters. 
7.2 Geotechnical model 
Reliability-based performance of a DCM column-improved embankment located on 
a deep soft clay deposit was investigated in this study. Figure 7-1 shows the 
geometry of the embankment and ground improvement details. The embankment is 
5.5 m high, 52 m wide at the base level and 30 m wide at the crest level. The 
embankment is located over a 9.5 m thick soft clay layer. There is a 0.5 m thick silty 
sand fill layer over the soft clay layer. A 5 m thick silty sand layer and a 5 m thick 
stiff to hard clay layer are located below the soft clay layer. It was considered that 
the hard bedrock exists beneath the stiff to hard clay layer. The ground-water table 
was at the top level of the soft clay layer.  
The soft clay layer was improved with DCM columns arranged in a square pattern. 
The DCM columns were of 0.8 m diameter and spaced at 1.6 m centre to centre 
distance in each direction. There were 33 columns across the cross-section of the 
embankment as shown in Figure 7-1. A geosynthetic layer was located at 0.5 m 
above the base level of the embankment.  
The embankment fill was added in five increments. The first four fill layers were of 
1 m height each and all layers were completed within 80 days at a uniform rate of 
0.05m/day.  The fifth fill layer was 1.5 m high and it was completed in 30 days. 
 
Figure 7-1: Geometry of the embankment and layout of the DCM columns and 
geosynthetic 
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7.3 Numerical model 
A two dimensional (2D) plane-strain model of the embankment was developed using 
the ABAQUS/Standard (2014) finite element program. The boundaries were set at 60 
m away from the embankment toe on the two sides and at 20 m depth on the bottom. 
At the two vertical boundaries, the deformations were restrained in the horizontal 
direction. Both vertical and horizontal translations were restrained at the bottom 
boundary. Pore water pressure was set to zero at 0.5 m below the ground surface, 
where water table exists. 
The single DCM columns were converted into equivalent DCM column walls based 
on the equivalent area approach for the 2D model. The equivalent thickness of the 
DCM wall for the 2D numerical model is calculated using Equation 5.1. The 
equivalent thickness of the DCM wall was calculated as 0.3 m for the embankment 
considered in this study. Material properties of the columns were not changed. 
The coupled behaviour of pore water pressures and effective stress was considered in 
the analysis. Therefore, soft clay, silty sand, stiff to hard clay and DCM columns 
below the ground-water table were modelled using eight-node quadrilateral elements 
with reduced integration and pore pressure degrees of freedom at the corner nodes 
(CPE8RP). The embankment fill, silty sand fill and DCM columns above the ground-
water table were modelled using eight-node quadrilateral elements with reduced 
integration and without pore pressure degrees of freedom (CPE8R). Mohr-Coulomb 
material model was used to model the four soil layers and the embankment fill. The 
DCM columns were modelled using the extended version of the Mohr-Coulomb 
model, explained in Section 5.3 in Chapter 5, which has the ability to simulate the 
strain-softening behaviour of DCM columns after yielding.  The geosynthetic layer 
was modelled using three-node truss elements (T2D3) and an elastic perfectly-plastic 
material model.  
Mesh convergence was evaluated using two models with 25177 and 42427 elements.  
The model with 25177 elements predicted the deformations with a difference less 
than 0.004 m compared to the mesh with 42427 elements. Therefore, the mesh with 
25177 elements was adopted to save the analysis time.  
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7.4 Material properties 
The material properties used for DCM columns, soft clay, silty sand, stiff to hard 
clay, silty sand fill and embankment fill are shown in Table 7-1. The elastic modulus, 
E , and cohesion, 'c , of DCM columns were considered as proportionate to its 
unconfined compressive strength, uq . E  was calculated as uqE 200= , based on the 
correlation between E  and uq  reported in the literature (Broms 1999; Bruce and 
Bruce 2003; Bruce et al. 2013; Jamsawang et al. 2015; Navin 2005).  Relationship 
between 'c  and uq of DCM columns was assumed as uqc 5.0'= , which is within the 
range of uq2.0 - uq5.0 found in the literature (Andromalos et al. 2000; Broms 1999; 
Euro Soil Stab 2002; Yapage et al. 2014). A friction angle of 280 was assigned to the 
DCM column walls (Yapage et al. 2015). According to the literature, unconfined 
compressive strength of DCM columns ( uq ) range from 0.2 MPa to 2.7 MPa (Bruce 
and Bruce 2003; Jamsawang et al. 2015; Kasama et al. 2012; Navin 2005).  DCM 
column strength ranging from 200 kPa to 800 kPa were selected for this study. 
Permeability, unit weight, void ratio and Poisson’s ratio of DCM columns were 
assumed to be equal to those of the soft clay. 
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Table 7-1: Material properties used for subsoil layers, DCM columns and 
Embankment fill  
Parameter DCM 
column 
Soft clay Silty sand Stiff to 
hard clay 
Silty 
sand 
Fill 
Embankm
ent fill 
γsat (kN/m3) 18 18 18 16.5 18 19 
k (m/s) 1×10-8 1×10-8 8.3×10-7 5×10-10 - - 
ν  0.3 0.3 0.3 0.3 0.3 0.3 
'c  (kPa) Stochastic 1 1 1 0.01 2 
E  (MPa) Stochastic 5 15 17 20 15 
'ϕ  28(peak) 25 30 25 30 30 
 
The geosynthetic layer has an elastic modulus of 500 MPa, a yield strength of 75 
MPa and a Poisson’s ratio of 0.3. The thickness of the geosynthetic layer was 
assumed to be 4 mm. The interaction between the geosynthetic layer and the 
embankment fill material was modelled as a surface to surface contact with an 
interface friction coefficient of 0.8. 
7.5 Limit state function for reliability analysis 
The limit state function is the criterion used to evaluate the unsatisfactory 
performance of the embankment in the reliability analysis. In this study, 
unsatisfactory performance was measured using maximum settlement at the base 
level of the embankment and maximum lateral displacement beneath the toe of the 
embankment, at the end of the construction period.  
The variation of settlements and lateral displacements of the embankment were 
observed with increasing DCM column strength. Mechanical properties of DCM 
columns were considered as uniform in this analysis. As shown in Figure 7-2, 
deformations (both settlements and lateral displacements) of the embankment 
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increased with decreasing DCM column strength. The rates of increase of 
deformations were large at lower DCM column strength values than at higher 
strength values. Both lateral displacements and settlements show a rapid increment 
when the DCM column strength reduces below 191 kPa indicating that the 
embankment becomes unstable when the DCM column strength is less than 191 kPa. 
Therefore, in this study, a DCM column strength of 191 kPa was considered as the 
deterministic design strength with the factor of safety of 1. The maximum lateral 
displacement beneath the toe of the embankment when the DCM column strength 
equals to 191 kPa, is 36 mm and the corresponding settlement is 94 mm. A tolerance 
of 10% was allowed for the deformations, in the reliability study. Accordingly, a 
lateral displacement of 39.6 mm and a settlement of 102.5 mm, at the end of the 
construction were the limiting conditions of deformations considered for the 
reliability analysis.  
 
Figure 7-2: Variation of deformations in the ground beneath the embankment with 
changing DCM column strength 
In the probabilistic analysis, the embankment was considered to be performing 
unsatisfactorily if: (i) the embankment undergoes excessive settlements, (ii) the 
embankment undergoes excessive lateral deformations or (iii) the numerical model 
encountered convergence difficulties during the analysis. Lateral displacement 
greater than 39.6 mm and settlement greater than 102.5 mm were considered as 
0
20
40
60
80
100
120
140
0
10
20
30
40
50
60
70
80
90
100
0 200 400 600 800 1000
M
ax
im
um
 se
tt
le
m
en
t a
t t
he
 b
as
e 
of
 th
e 
em
ba
nk
m
en
t (
m
m
) 
M
ax
im
um
 la
te
ra
l d
isp
la
ce
m
en
t b
en
ea
th
 th
e 
em
ba
nk
m
en
t t
oe
 (m
m
) 
DCM column strength, qu (kPa) 
Settlement 
Lateral displacement 
153 
 
excessive deformations. The convergence difficulties are identified when the 
analysis does not reach a solution within the maximum number of iterations set for 
each time increment. In this case, the maximum iterations were set to 15.  
7.6 Monte Carlo simulations 
The reliability analysis of the embankment was conducted using the Monte Carlo 
method. The probability of unsatisfactory performance, uP , was obtained as the ratio 
of frequency of unsatisfactory performance to the total number of Monte Carlo 
realisations. To find out the adequate number of Monte Carlo realisations, uP  
obtained using different numbers of Monte Carlo realisations were plotted. Results 
shown in Figure 7-3 are corresponding to a case with a mean compressive strength, 
qµ , of DCM columns equals to 200 kPa, COV of strength equals to 0.5 and without 
incorporating spatial variability but varying the strength randomly for each analysis. 
The final uP  obtained with 1500 Monte Carlo realisations was 0.37. uP  obtained 
using 1250 Monte Carlo realisations differed by only 0.02, from the result of 1500 
realisations. Therefore, 1500 Monte Carlo realisations were considered as adequate 
for the reliability analysis. 
 
 
Figure 7-3: Probability of unsatisfactory performance predicted using different 
number of Monte Carlo realisations 
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7.7 Reliability-based performance of the embankment 
The reliability based performance of the embankment was evaluated under three 
variability conditions: (1) considering mean strength variability between Monte 
Carlo realisations without considering spatial variability, (2) considering strength 
variability between columns and uniform strength within columns and (3) 
considering strength variability between the columns and within the columns.   
The DCM column strength ( )uq , DCM cohesion ( )'c  and elastic modulus ( )E  were 
considered as stochastic parameters in the probabilistic analysis. Peak effective 
cohesion ( )pc'  and E  were considered as proportionate to uq  as described in Section 
7.4. Residual value of the effective cohesion for strain-softening incorporated 
constitutive model was calculated as pc'5.0 . uq  values were randomly generated 
using MATLAB program with a specified qµ  and COV. According to the literature, 
friction angle of DCM soil varies from 280 to 350 (Broms 1999; Euro Soil Stab 2002; 
Yapage 2013). However, a cross-correlation between friction angle and qu of DCM 
soil is not reported in the literature. Therefore, a constant value of 280 was used for 
the friction angle of DCM soil during reliability analyses. Due to the small difference 
between upper and lower limits of the range of friction angle, even if friction angle is 
varied, authors believe that the resulting effect is insignificant. The 
ABAQUS/Standard (2014) finite element analysis was executed for each case within 
the MATLAB code developed by authors to generate material properties for each 
Monte Carlo simulation (Appendix B). 
The statistical distribution of DCM compressive strength can be characterised as a 
lognormal distribution or normal distribution (Al-Naqshabandy and Larsson 2013; 
Chen et al. 2016; Honjo 1982; Kasama et al. 2012; Namikawa and Koseki 2013; 
Navin 2005). A lognormal distribution was assumed in this study to avoid generating 
negative strength values in the material space. Beta distribution is also used in the 
literature to represent the DCM soil strength distribution (Liu et al. 2017b; Liu et al. 
2017c). However, this distribution requires more parameters to define the probability 
density function than those required for a lognormal or normal distribution.  
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7.7.1 Reliability analysis considering variability Condition 1 
In this section, reliability was analysed considering the uniform strength properties 
for the columns in a single Monte Carlo realisation. The DCM column strength 
properties were varied among the different realisations of the Monte Carlo 
simulations. The analysis was carried out for six qµ values and three COVs as shown 
in Table 7-2. The partial factor of safety (PFOS), which is the ratio of mean DCM 
strength to deterministic design strength, considered in this section was varied from 
1.05 to 4.19. The ranges of stochastic input parameters ( qµ  and COV) adopted in the 
reliability analysis in sections 7.7.1 to 7.7.3 were based on the data published in the 
literature. According to previous research studies, DCM soil compressive strength has 
shown coefficients of variation (COV) ranging from 0.14 to 0.99 (Al-Naqshabandy 
2011; Larsson 2003; Navin 2005). Therefore, in this study, the COVs ranging from 0.3 
to 0.7 were considered. Unconfined compressive strength of DCM columns (qu) 
generally ranges from 0.2 MPa to 2.7 MPa (Bruce and Bruce 2003; Jamsawang et al. 
2015; Kasama et al. 2012; Navin 2005). Current analysis considers the qµ  values 
varying from 0.2 MPa to 0.8 MPa. Therefore,  the qu values in the random field will 
remain within the range reported in the literature. 
Table 7-2: Parameters used in the probabilistic study considering variability 
Condition 1 
Probabilistic model parameters for 
DCM columns Range of values 
Mean strength, qµ  (kPa) 200, 300, 400, 500, 600, 800 
PFOS 1.05, 1.57, 2.09, 2.62, 3.14, 4.19 
Effective cohesion, cc'  0.5qu 
Friction angle, 'φ  280 
Elastic modulus, cE  200qu 
COV 0.3, 0.5, 0.7 
Monte Carlo realisations 1500 
uP obtained with different PFOS and COVs are shown in Figure 7-4, in comparison 
with the reliability performance criteria published by U. S. Army Corps of Engineers 
(1995). CEN (2002) also recommends a reliability index greater than or equal to 3.8 
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for reliability class RC2 structures (for a reference period of 50 years), which is 
comparable to good and high performance levels given by the U. S. Army Corps of 
Engineers (1995).  
 
Figure 7-4: Probability of unsatisfactory performance with increasing partial factor 
of safety considering variability Condition 1 
For the embankment considered in this study, the uP  values were significantly high 
when qµ  was equal to 200 kPa, where PFOS was equal to 1.05. uP  reduced with 
increasing PFOS and decreasing COV. When COV is 0.7, the embankment could 
reach only below average reliability level even with a high PFOS of 4.19. However, 
the performance of the embankment with DCM column strength of 800 kPa 
(PFOS=4.19) was within the acceptable limits under deterministic conditions where 
variability was not considered. These results show that an embankment just 
satisfying the stability criteria in the deterministic analysis is not safe enough due to 
the variability of strength properties. The embankment reached above average and 
good reliability levels when COV is reduced to 0.5 and PFOS is equal to or greater 
than 3.14. The embankment showed good reliability level at a PFOS of 2.09 when 
the COV is 0.3. When the PFOS is larger than 2.09 and COV equals to 0.3 the uP  
was less than 1/1500 (zero failed cases were observed). It shows that maintaining a 
low COV (COV ≤ 0.3) significantly improves the reliability of the embankment.  
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7.7.2 Reliability analysis considering variability Condition 2 
In this section, the Monte Carlo simulations were carried out for four PFOS values 
and three COV values as shown in Table 7-3. The mechanical properties were 
considered as varying between columns and the properties within individual columns 
were assumed uniform. The strength values of columns were generated from a 
lognormal distribution with specific qµ  and COV values. The strength properties 
were considered as uncorrelated between the columns. Therefore, the strength of 
individual columns was randomly distributed without any spatial correlation in this 
analysis. Figure 7-5 shows the results obtained from the reliability analysis.  
Table 7-3: Parameters used in the probabilistic study considering variability 
Condition 2 
Probabilistic model parameters for 
DCM panels 
Range of values 
Mean strength, qµ  (kPa) 200, 300, 400, 500 
PFOS 1.05, 1.57, 2.09, 2.62 
Effective cohesion, cc'  0.5qu 
Friction angle, 'φ  280 
Elastic modulus, cE  200qu 
COV 0.3, 0.5, 0.7 
Monte Carlo realisations 1500 
Similar to the analysis without considering spatial variability (Case 1), uP  reduced 
with increasing PFOS and reducing COV, when strength variability between 
columns was incorporated (Case 2). When the strength variability between the 
columns is assumed, a good performance level was achieved with COV less than or 
equal to 0.5 and PFOS greater than or equal to 2.62. uP  was at unacceptably high 
levels when COV is 0.7, for all the PFOS values considered.  
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Figure 7-6 shows the distribution of settlements obtained from Monte Carlo 
simulations, for qµ  values of 200 kPa, 300 kPa and 400 kPa with COV equals to 0.5. 
The figure clearly shows that the mean and mode of the settlement distributions have 
reduced when qµ  is increased. As a result, probability of exceeding the limiting 
settlement has reduced. The difference between minimum and maximum settlement 
has also reduced at higher qµ  values indicating less variation of possible settlements. 
The settlement corresponding to 99% confidence level, for the cases with qµ  equals 
to 200 kPa, 300 kPa and 400 kPa are 116.6 mm, 102.9 mm and 94.7 mm. When 
these values are compared with the limiting settlement of 102.5 mm, it is observed 
that the confidence level of the predicted uP  also increases with increasing qµ .  
 
Figure 7-5: Probability of unsatisfactory performance of the embankment with 
increasing partial factor of safety considering variability Condition 2 
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 (a)                                                                     (b) 
 
(c) 
Figure 7-6: Monte Carlo simulation results for settlements at different mean DCM 
column strength, qµ , values (a) qµ =200 kPa, (b) qµ =300 kPa and (c) qµ =400 kPa  
7.7.3 Reliability analysis considering variability Condition 3 
In this section, the strength variability was considered between the columns as well 
as within each DCM column underneath the embankment. The spatial correlation 
lengths reported in the literature generally varies from 0.2 m to 4 m (Al-
Naqshabandy et al. 2012a; Kasama et al. 2012; Larsson et al. 2005b; Tang et al. 
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2001) and large correlation lengths such as 12 m are also reported (Navin 2005). In 
this analysis, the spatial variation of strength within the columns was incorporated in 
the vertical direction.  Spatial correlation lengths varying from 0 m to 4 m were 
included for the analysis. The variability of strength in the horizontal direction within 
columns was not considered since the thickness of an equivalent column wall in the 
2D model is small (0.3 m).  
Each column was divided into ten segments along the vertical direction. The strength 
fields within the DCM columns were generated using the MATLAB program and 
were assigned for the different segments of the column. The autocorrelation function 
used to generate the strength field within a column is shown in Equation 7.1 (Honjo 
1982; Namikawa and Koseki 2013). Strength properties between the columns were 
not correlated.  
 
( ) 




−=
θ
ρ dd exp
                                                                 (7.1) 
where ρ(d) is the correlation coefficient, d is the distance between centres of two 
column segments and θ is the spatial correlation length. 
The compressive strength at ith segment, iq , is a lognormally distributed variable 
with mean, qµ , coefficient of variation, qCOV , and spatial correlation length θ and 
was calculated as:  
( )iqqi Gq ⋅+= lnlnexp σµ                                                          (7.2) 
where qlnµ  and qlnσ are calculated using Equations 7.3 and 7.4, and  is a random 
variable with a spatial correlation distance of θ, calculated using Equation 7.5. 
( )2ln 1ln qq COV+=σ                                                            (7.3) 
2
lnln 2
1ln qqq σµµ −=
                                                              (7.4) 
ni CRG =                                                                                (7.5) 
where, C is the Cholesky decomposition of the correlation coefficients matrix and Rn 
is a normally distributed random variable with zero mean and unit variance. 
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The range of iG  was bounded between +4 and -4 to avoid extremely large or small 
iq  values.   
 
Figure 7-7: Variation of probability of unsatisfactory performance with changing 
spatial correlation distance, considering variability Condition 3 
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The reliability response of the embankment with θ  varying from 0 m to 4 m is 
shown in Figure 7-7. The variation of reliability levels with increasing θ is different 
for the three considered cases. When qµ  is 200 kPa and COV is 0.5, uP  continuously 
reduced with increasing θ. If the COV is reduced to 0.3, for the case with same qµ
(200 kPa), uP  shows a minimum value when θ equals to 0.5 m. uP  increases with 
increasing θ beyond 0.5 m. For the case with qµ  equals to 400 kPa and COV equals 
to 0.5, uP  was less than 1/1500 for correlation lengths of 0 m, 0.5 m, 1 m and 2 m. A 
Pu of 0.0027 was obtained when θ equals to 4 m. This shows that the most critical 
spatial correlation length is different for different combinations COV and qµ .   
Table 7-4 shows the most critical uP  values obtained for different combinations of 
COV and qµ  with different variability Cases. The magnitude of uP  fluctuates 
between the three variability Cases without a clear pattern among them. However, 
the reliability performance class of the embankment was conservatively predicted by 
the analysis that assumes variability Case 1 for all the cases considered. uP  under 
variability Case 1 can also be calculated using probability density functions without 
conducting Monte Carlo simulations. This is a straight forward and less time 
consuming method to predict uP . Therefore, reliability analysis assuming Case 1 can 
be used to predict uP  at the preliminary stage and more detailed analysis using 
variability Case 3 can be conducted only for the preferred options. 
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Table 7-4: Comparison of reliability based performance predicted with three 
different conditions of strength variability 
Analysis 
case 
Case 1 
considering mean 
strength variability 
without 
considering 
special variability 
Case 2 
considering strength 
variability between 
columns and 
uniform strength 
within columns 
Case 3 
considering 
strength 
variability 
between the 
columns and 
within the 
columns 
µq = 200 
kPa, COV 
= 0.3 
Pu = 0.215 
Hazardous 
Pu = 0.0707 
Unsatisfactory 
Pu = 0.087 
Unsatisfactory 
µq = 200 
kPa, COV 
= 0.5 
Pu = 0.353 
Hazardous 
Pu = 0.5947 
Hazardous 
Pu = 0.975 
Hazardous 
µq = 400 
kPa, COV 
= 0.5 
Pu = 0.032 
Poor 
Pu Less than 1/1500 
Good 
Pu = 0.0027 
Above average 
 
For example, from the three cases analysed using variability Case 1, the case with 
qµ  of 400 kPa and COV of 0.5 shows the highest reliability level. Therefore, this 
case can be selected for further evaluations, among the three cases. When this case 
was analysed under variability Case 2, zero failed realisations were reported ( uP less 
than 1/1500) indicating good or high reliability level. The more detailed analysis 
using Condition 3, with varying strength properties within the columns, shows that 
the embankment achieves good reliability levels, if θ is less than or equal to 2 m and 
the reliability drops to above average level, if θ is equal to 4 m.  
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The overdesign factor, F0, required to achieve a target probability of unsatisfactory 
performance of the embankment was estimated considering variability Case 1. 
Figure 7-8 shows the estimated overdesign factors to achieve a uP  of 10-3 and 10-2, at 
different COV values. The F0 required to achieve a target reliability level of the 
embankment increases with increasing COV. When the COV is equal to 0.3, an F0 
of 2.05 is adequate to limit the uP  to 10-3. However, when the COV is equal to 0.7, 
the F0 required to achieve uP  of 10-3 is 3.3 times the F0 corresponding to COV of 
0.3. Based on the results shown in Figure 7-8, design engineers can find an 
economical solution to improve the embankment by optimising the F0 and COV 
values. 
 
Figure 7-8: Estimated overdesign factor to achieve target probabilities of 
unsatisfactory performance 
7.8 Conclusions 
A reliability-based performance analysis of geotechnical structures is a compliment 
for the conventional deterministic analysis which improves the confidence of the 
design decisions. In this chapter, reliability based performance of a DCM column-
improved embankment was investigated, considering the spatial variability of 
strength properties. Strain-softening behaviour of DCM columns was also 
incorporated in the analysis to capture any unforeseen failure mechanisms due to 
localized failure and subsequent strain-softening.  
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The reliability analyses were carried out assuming three variability Cases; no spatial 
variability but strength varying between Monte Carlo realisations (Case 1), Uniform 
strength within columns but varying between columns (Case 2) and strength varying 
within columns and between columns (Case 3). Results show that uP  reduces with 
increasing PFOS and COV in all the analysis Cases. Reliability analysis based on 
variability Case 1 yielded conservative predictions out of the all three variability 
Cases considered in this paper. The magnitude of uP  was under estimated by the 
Variability Case 1 for some cases. However, the uP  values predicted by the three 
variability Cases belonged to the same reliability level for those cases. Therefore, it 
can be recommended to conduct the reliability analysis using Case 1 in the 
preliminary stage and conduct more detailed Monte Carlo simulations using Case 3 
to find out more accurate reliability levels. Case 3 analysis showed that spatial 
correlation distance corresponding to most critical reliability level vary depending on 
the COV and PFOS. The overdesign factors required to achieve target probabilities 
of unsatisfactory performance of 10-3 and 10-2, at different COVs were estimated 
based on the variability Case 1.  
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Chapter 8 
8 Performance of embankments over 
ground improved with DCM column 
walls beneath the side slopes 
8.1 Introduction 
The performance of embankments supported on single DCM columns was studied in 
Chapters 4, 5 and 6. Chapters 8 and 9, respectively, present investigations on the 
performance of DCM wall improved embankments using deterministic approach and 
probabilistic approach.  
Embankments constructed over soft ground are highly susceptible to global slope 
failure and excessive displacements due to combined effects of vertical and lateral 
loads beneath the embankment slope (Han and Gabr 2002; Zheng et al. 2009). The 
overall stability of the embankment can be significantly improved by improving the 
soil beneath the slope of the embankment using Deep Cement Mixed (DCM) column 
rows or overlapped DCM column walls (Broms 1999; Jamsawang et al. 2015; 
Larsson and Broms 2000; Topolniki 2004). According to the literature, the improved 
ground experience different failure modes other than shear failure, such as separation 
of columns, overturning, shear failure along the columns or dowel action (Broms 
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1999). Some of the failure modes reported by Broms (1999) are shown in Figure 8-1. 
The ultimate failure mode depends on the geometry and the strength of the improved 
ground (Jamsawang et al. 2015; Kitazume and Maruyama 2006; Kitazume and 
Maruyama 2007a). 
Kitazume and Maruyama (2006) studied the performance of DCM column-improved 
ground under embankment loading, using centrifuge model tests. They observed that 
the failure pattern of the embankment shifted from slip circle failure to collapse 
failure of columns, after improving beneath the embankment slope with DCM 
column rows. Jamsawang et al. (2015) reported that the failure mode of a DCM wall 
improved embankment changes with the penetration depth of the DCM walls. The 
DCM wall spacing, improvement area along the slope and elastic modulus of the 
DCM wall also affect the factor of safety of the embankment (Jamsawang et al. 
2015). Zheng et al. (2009) investigated the performance of an embankment improved 
with a geosynthetic layer and DCM walls implemented parallel to the centreline of 
the embankment, with respect to modulus of DCM wall and spacing between DCM 
walls. According to their study, the efficiency of DCM wall increased with 
increasing elastic modulus of DCM wall and became steady at large values of elastic 
modulus.  
           
(a)                                                                    (b) 
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                                 (c)                                                               (d) 
Figure 8-1: Different failure modes of DCM column wall supported embankments 
(Broms 1999) (a) Shear failure of column wall, (b) Failure by separation and dowel 
action at top of the column wall, (c) Overturning failure of column wall, (d) Failure 
by separation and dowel action at the bottom of the column wall 
It is important to understand the evolution of failure patterns for embankments over 
column-improved ground with respect to DCM column configuration and 
mechanical properties of columns, since the failure envelope of DCM improved 
embankments is characterised by many failure modes (Kitazume and Maruyama 
2006; Kitazume et al. 2000). However, no study has been carried out to investigate 
the failure modes of embankments improved with only DCM column walls 
underneath sloping sides. This chapter investigates the failure modes of a general 
embankment improved with DCM column walls beneath the slope of the 
embankment, in the direction perpendicular to the centreline of the embankment, 
with respect to elastic modulus of the DCM wall, width of the DCM wall and wall 
spacing. The response of maximum lateral deformation, settlement and soil intrusion, 
with respect to aforementioned influential parameters were studied using numerical 
models based on the finite element method.  
8.2 Description of the test embankment 
A general embankment located on a soft clay deposit was selected for the study. 
Figure 8-2 shows the cross-section of the test embankment and the arrangement of 
DCM walls beneath the slope of the embankment. The foundation soil deposit 
consisted of three soil layers: a 10 m thick soft clay layer, a 5 m thick silty sand layer 
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and a 5 m thick stiff to hard clay layer. The ground-water table was at the ground 
surface. The height of the embankment was 5.5 m. The width of the embankment 
was 30 m at the crest level and 52 m at the base level. The gradient of the 
embankment slope is 2:1. The soft clay layer beneath the slope of the embankment 
was improved with 11 m wide and 10 m deep attached DCM column walls. Each 
DCM wall consists of eighteen 0.8 m diameter DCM columns with 0.2 m overlap. 
The column walls were spaced at 1 m centre to centre distance. 
The embankment was constructed in 5 stages. In the first four steps, fill layers of 1 m 
thickness were completed. Each 1 m layer was applied over a period of 10 days. The 
fifth fill layer is 1.5 m high and it was completed over 15 days. 
 
(a) 
 
(b) 
Figure 8-2: Geometry of the embankment and layout of the DCM column walls (a) 
Section view (b) Plan view  
8.3 Numerical model 
The investigation was carried out using the numerical models of the embankment 
developed in ABAQUS/Standard finite element program. Only half of the 
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embankment geometry was modelled due to the symmetry of the problem and 
simulated as a two-dimensional plane-strain problem. The DCM walls were idealised 
into 2D plane-strain walls assuming equivalent mechanical properties while keeping 
the DCM wall width identical to the actual geometry (Adams 2011; Navin 2005; 
Yapage et al. 2014). In this method, the equivalent elastic modulus ( )eqE , equivalent 
cohesion ( )eqc'  and equivalent friction angle ( )eq'φ  of the improved area of the 
foundation were calculated using Equations 5.2, 5.3 and 5.5, respectively. The 3D 
numerical model of the embankment yielded an average stress concentration ratio of 
3.5. Therefore, 5.3=n  was adopted in calculating eq'φ . 
8.3.1 Finite element mesh and element type 
DCM column walls, soft clay, silty sand and stiff to hard clay were modelled using 
eight-node quadratic elements with reduced integration and pore pressure degrees of 
freedom at the corner nodes (CPE8RP). The embankment fill was modelled using 
eight-node quadratic elements with reduced integration and without pore pressure 
degrees of freedom (CAX8R). Elastic perfectly plastic material behaviour was 
assumed for DCM walls. Three soil layers and embankment fill were modelled using 
Mohr-Coulomb constitutive model.  
Mesh convergence was evaluated using models with an element size of 1 m, 0.5 m 
and 0.25 m. The model with 0.5 m elements predicted the deformations with a 
difference of less than 0.001 m compared to the mesh with 0.25 m elements. 
Therefore, the mesh with 0.5 m elements was adopted since it saves a considerable 
analysis time compared to the mesh with 0.25 m elements.  
8.3.2 Boundary conditions 
The stiff to hard clay layer was assumed to rest on the bedrock and vertical and 
horizontal translations of the bottom boundary were restricted. The bottom boundary 
and the two vertical boundaries were considered as impermeable. The pore water 
pressure was set to zero at the ground surface level where water table exists. A 
symmetrical boundary condition was assigned along the vertical face across the 
embankment centreline. The vertical boundary at the sloping side of the embankment 
was set at 60 m away from the embankment toe to minimize the boundary effects. 
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Zero horizontal displacements were assigned to the vertical boundary at the sloping 
side of the embankment.  
8.3.3 Material parameters 
The material properties of soft clay layer, silty sand layer, stiff to hard clay layer and 
embankment fill are shown in Table 8-1. The soil profile used in this study is similar 
to the soil profile at the Ballina bypass project given by Yapage et al. (2014). Void 
ratios for the soil layers are based on the values published by Yapage et al. (2014), 
derived using field measured water contents of each layer and a specific gravity of 2.7. Although the derived values are high for the soft clay, silty sand and stiff to hard 
clay, they were not altered as they are based on the field measurements. Also in this 
case, since the Mohr-Coulomb model is used to simulate the soft clay, silty sand and 
stiff to hard clay, void ratios adopted in the model does not have any impact on the 
numerical results because the void ratio is not an input model parameter for the 
constitutive model. 
According to the literature, the unconfined compressive strength of DCM soil ( uq ) 
range from 0.2 MPa to 2.7 MPa (Bruce and Bruce 2003; Jamsawang et al. 2015; 
Kasama et al. 2012). Cohesion )'(c  and elastic modulus of DCM soil )(E  were 
assumed to be proportionate to uq . Elastic modulus of DCM soil can vary from 
uu qq 30075 −  in dry mixed DCM soil (Bruce et al. 2013; Navin 2005). Therefore, 
uqE 100=  was assumed in this study. The cohesion of the DCM soil can range from 
0.4-0.5 times uq  (Andromalos et al. 2000; Broms 1999; Bruce and Bruce 2003; 
Topolniki 2004). The relationship between 'c  and uq , adopted for this study was 
uqc 4.0'= . Permeability, unit weight, void ratio and Poisson’s ratio of DCM soil 
were assumed to be equal to those of the soft clay. Yapage et al. (2015), investigated 
the friction angle and cohesion of cement mixed soils considering triaxial data for a 
number of cement mixed clays. By drawing Mohr circles, they have given a range of 
cohesion and friction angle values for cement mixed soils. Utilising their results, a 
friction angle of 280 was assigned to the DCM column walls. 
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Table 8-1: Material properties used for soft clay, silty sand and stiff to hard clay 
Parameter Soft clay Silty sand 
Stiff to 
hard clay 
Embank
ment fill 
satγ   (kN/m
3) 18 18 16.5 19 
Permeability (m/s) 1×10-8 8.3×10-7 5×10-10 - 
Void ratio, e  2.2 2.2 2.0 - 
ν  0.3 0.3 0.3 0.3 
'c  (kPa) 1 1 1 1 
E  (MPa) 5 15 17 20 
'ϕ  25 30 25 30 
8.4 Results and discussion 
Performance of the DCM wall improved embankment is discussed in this section, 
using lateral displacement and settlement response of ground with respect to the 
elastic modulus of DCM wall, the width of the DCM walls and wall spacing. 
8.4.1 Effect of elastic modulus of DCM wall  
The horizontal displacement beneath the toe of the embankment, at the end of 
construction, is plotted in Figure 8-3 for the case without DCM walls and the cases 
with DCM walls with elastic modulus ranging from 12.5 MPa – 125 MPa.  The 
lateral displacements are relatively large when the ground is not improved with DCM 
walls. The maximum lateral deformation beneath the toe of the embankment reduced 
by 27% (from 55 mm to 40 mm) when the ground is improved with DCM column 
walls with an elastic modulus of 12.5 MPa and a cohesion of 50 kPa. The lateral 
displacements reduced further with increasing elastic modulus of DCM wall. 
However, the reduction in lateral deformations decreased with increasing elastic 
modulus as illustrated in Figure 8-4. The reduction in lateral deformation is 
negligible when the elastic modulus exceeds 75 MPa. It indicates that the failure 
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mode of the embankment at elastic modulus less than 75 MPa is different from 
failure mode of the embankment when the elastic modulus is greater than 75 MPa. 
 
Figure 8-3: Lateral displacements beneath the toe of the embankment for different 
elastic modulus values of DCM wall 
 
Figure 8-4: Variation of Maximum lateral displacement beneath the toe of the 
embankment with increasing elastic modulus of DCM wall 
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This phenomenon can be explained using Figures 8-5(a) – 8-5(c), where the 
evolution of lateral displacement at different construction stages is plotted for 
different values of elastic modulus. As shown in Figure 8-5(a), in the ground without 
DCM wall, the lateral displacement at a depth of 4m shows the most rapid 
deformation in response to increasing embankment load. The large deformations in 
the soft clay layer indicate that the ground fails in slip surface shear failure, with the 
failure surface passing at a 4m depth beneath the toe of the embankment. Similar to 
the unimproved ground, the point of maximum lateral deformation corresponding to 
weakest failure surface observed for the ground improved with a DCM wall with an 
elastic modulus of 12.5 MPa (Figure 8-5(b)) is located at around 7.5 m depth. Even 
though the DCM wall did not yield under the applied embankment load, the DCM 
wall clearly showed bending deformations. The depth to the maximum lateral 
deformation increases with increasing elastic modulus (Figure 8-3) indicating an 
increase in depth to the critical failure surface. Eventually, the point of maximum 
lateral deformation reaches the bottom of the DCM wall when elastic modulus of the 
wall is close to 75 MPa. Beyond this point, the elastic modulus of the DCM wall is 
sufficiently high so the DCM wall does not bend under embankment loading. As a 
result, as shown in Figure 8-5(c), the DCM wall showed tilting movement without 
significant bending deformations. Therefore, the reduction in lateral displacements as 
a result of increased resistance to bending moments becomes negligible at large 
elastic modulus values of DCM wall.   
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(a)                                             (b)                                                  (c) 
Figure 8-5: Evolution of lateral displacements in the ground with construction stages 
(a) without DCM wall improvement, (b) when elastic modulus of DCM wall is equal 
to 12.5 MPa, (c) when elastic modulus of DCM wall is equal to 125 MPa 
Figure 8-6 shows the variation of vertical settlement along the base of the 
embankment at different elastic modulus values of DCM wall in comparison with 
vertical settlement in the unimproved ground. As shown in Figure 8-6, the maximum 
vertical settlement was observed at the centreline of the embankment for all the 
cases. The maximum settlement was increased by 9 mm when the ground is 
improved with DCM walls. The maximum settlement did not change significantly 
with increasing elastic modulus of DCM walls. However, the settlement beneath the 
slope of the embankment reduced significantly after implementing DCM column 
walls and the settlements reduced further with increasing elastic modulus of DCM 
walls.  The settlements show a sudden drop across the DCM wall – soft clay 
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interface at large elastic modulus values of DCM wall. In the actual ground, this 
might cause slip along the vertical edge of DCM wall – soft clay interface. 
 
Figure 8-6: Vertical settlement along the base of the embankment with changing 
elastic modulus of DCM wall 
8.4.2 Effect of wall width 
The maximum lateral deformations beneath the toe of the embankment at the end of 
construction, for different widths of the DCM wall, are shown in Figure 8-7. The 
cohesion and elastic modulus of DCM walls were equal to 200 kPa and 50 MPa 
respectively, for all the cases discussed in this section. The location of the wall was 
fixed at the toe of the embankment. The specified wall width was obtained by 
moving the vertical edge of the wall, which is close to the embankment centreline. 
As shown in Figure 8-7, lateral deformations reduced with increasing DCM wall 
width. However, the reduction in lateral deformations corresponding to a given 
increment in the DCM wall width reduced when increasing the width of the wall. 
The rate of reduction of maximum lateral deformation with DCM wall width is 
steady beyond the DCM wall widths greater than the length of the slope of the 
embankment (11 m).   
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 Figure 8-7: Variation of Maximum lateral displacement beneath the toe of the 
embankment with increasing width of DCM wall 
With increasing DCM wall width, the depth to the point of maximum lateral 
deformation was increased (Figure 8-8).  A similar response in lateral deformations 
was observed when increasing the elastic modulus of DCM walls. However, the 
deformation pattern of the DCM wall did not change even when the width of the 
DCM wall is large as 16 m. The DCM wall showed bending deformations for all the 
widths considered (Figure 8-8).  
0
10
20
30
40
50
60
0 2 4 6 8 10 12 14 16 18
M
ax
im
um
 la
te
ra
l d
isp
la
ce
m
en
t (
m
m
) 
Width of the dcm wall (m) 
178 
 
 Figure 8-8: Lateral displacements beneath the toe of the embankment for different 
widths of DCM wall 
8.4.3 Effect of spacing between DCM walls  
In a 2D plane-strain model the effect of spacing between the DCM walls when the 
strength properties are fixed, is expected to be similar to the effect of elastic modulus 
when the spacing is fixed, since both approaches finally affect the equivalent 
properties of the wall. This section intends to investigate the soil movements in 
between the DCM column walls when the equivalent properties are fixed. Therefore, 
four cases with different combinations of DCM wall cohesion and spacing, which 
yields the same equivalent properties and hence same lateral deformations in the 2D 
model, were selected. The details of selected cases and corresponding ground 
displacements are summarised in Table 8-2. 
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Effect of spacing between DCM walls on the ground deformations was studied using 
3D finite element numerical models. The maximum lateral deformations beneath the 
toe of the embankment were obtained at the end of construction. As shown in Table 
8-2, the results obtained from 2D numerical models agree well with the 3D 
numerical model results. Therefore, it can be concluded that the 2D idealisation of 
the DCM column wall improved ground, used in this study predicts the ground 
displacements with a reasonable accuracy up to DCM wall spacing of 2.6 m.  
In the 3D numerical models, the maximum lateral displacement of the DCM wall 
was larger than that of the surrounding natural soil for all four analysis cases. These 
results indicate that the embankment load has effectively transferred onto the DCM 
wall even when the spacing is as high as 2.6 m. The soil extrusion in between DCM 
walls was not observed in the ground. This may be due to the proper interaction 
between DCM walls and natural soil in DCM wall improved embankments.  
Table 8-2: Details of analysis cases and maximum lateral deformations obtained for 
each analysis case 
Analysis 
case 
'c
(kPa) 
E
(kPa) 
Wall 
spacing 
(m) 
Maximum lateral deformation 
beneath the toe of the 
embankment (mm) 
2D 3D - On 
DCM 
wall 
3D - On 
natural 
soil 
1 150 37500 1.2 34.2 34.1 33.8 
2 200 50000 1.7 34.2 34.3 33.8 
3 250 62500 2.1 34.2 34.5 33.8 
4 300 75000 2.6 34.2 35.0 34.0 
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8.4.4 Effect of post-yield strain-softening of DCM soil 
The effect of post-yield strain-softening behaviour of DCM soil on the performance 
of the embankment was investigated using a strain-softening incorporated material 
constitutive model. The extended Mohr-Coulomb material model described in 
Section 5.3 in Chapter 5 was used to model the mechanical behaviour of the DCM 
wall. Small compressive strength, elastic modulus and cohesion were assumed for 
the DCM wall in order to increase the possibility of DCM wall yielding. The elastic 
modulus was assumed as 5 MPa, which is same as the elastic modulus of 
surrounding soft clay. Accordingly, the cohesion of the DCM wall was 20 kPa and 
compressive strength was 50 kPa.  
Figure 8-9 indicates the distribution of principal plastic strains in the improved 
ground, at the end of the consolidation period. Plastic strains have not developed 
within the DCM wall. This suggests that the DCM wall did not subject to yielding 
and post-yield strain-softening under the embankment load, even when the strength 
properties are very small.  This is because the stresses exerted on the DCM wall are 
effectively redistributed over the entire DCM wall, resulting lower stress in the wall. 
Also, the width of the DCM wall is wide compared to an individual DCM wall. 
Therefore, the bending stresses are also low in a DCM wall. Thus it can be 
concluded that the yielding of DCM columns is unlikely to occur in DCM wall 
configuration. 
 
Figure 8-9: Principal plastic strain distribution in the improved ground after 
consolidation 
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8.5 Conclusions 
Failure modes of embankment side slopes improved with DCM walls were 
investigated in this chapter using 2D and 3D numerical models.  
The failure mode of the embankment shifted from bending failure to tilting failure 
with increasing elastic modulus of DCM wall. At lower elastic modulus values, 
where bending failure occurs, the maximum lateral deformations beneath the toe of 
the embankment reduced and the depth to the point of maximum lateral deformation 
increased with increasing elastic modulus. 
The lateral deformations in DCM wall reduced with increasing width of the DCM 
wall. Lateral deformations reduced significantly with increasing DCM wall width 
when the width of the wall is less than the length of the slope of the embankment. 
The depth to maximum deformation increased with wall width. However, 
deformation pattern shows bending deformation for all the widths considered. 
The effect of wall spacing was evaluated using 3D numerical models with four 
different combinations of DCM wall cohesion and wall spacing designed to yield 
same lateral deformation. 3D model results showed a good agreement with 2D model 
results in terms of lateral deformations. According to 3D model results, the 
maximum lateral deformation was observed on DCM column walls in all four cases. 
This means embankment loads are effectively transferred to the DCM walls, 
although the spacing between DCM column walls is large in the options with large 
cohesive strength. The failure due to soil extrusion was not observed in the analysed 
cases. This may be a result of the good interaction between DCM wall and 
surrounding natural soil assumed in this study. 
The strain-softening incorporated analysis of the embankment showed that the 
yielding of DCM walls is highly unlikely. This is because of effective redistribution 
of stresses within the DCM wall.  
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Chapter 9 
9 Effect of spatial variability of 
strength on the reliability of DCM 
wall improved embankments 
9.1 Introduction 
Following to the deterministic analysis and parametric study of a DCM wall 
improved embankment presented in Chapter 8, Chapter 9 investigates the reliability 
based performance of an embankment improved with DCM walls beneath the side 
slopes.   
Deep Cement Mixed (DCM) soils are known to have a large variability of properties 
over the material space, even though the deep cement mixing is a well-developed 
ground improvement technology. The coefficient of variation (COV) of DCM soil 
strength normally varies from 0.3 to 0.8 (Filz and Navin 2010; Kasama et al. 2012; 
Larsson et al. 2005b), where COV is the standard deviation normalized by the mean 
strength. DCM soil strength is a spatially correlated variable rather than a randomly 
distributed variable (Honjo 1982). The spatial correlation lengths calculated for 
DCM soil strength in different case studies are available in the literature (e.g., Al-
Naqshabandy et al. (2012a), Kasama et al. (2012), Liu et al. (2015)) and the reported 
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horizontal and vertical correlation lengths vary from 0 to 12 m. In comparison to the 
dimensions of a typical embankment, these correlation lengths are small. These 
correlation lengths suggest that the strength properties of DCM soil can gradually 
vary within a single project resulting localized zones of low and high strengths. 
Therefore, design of DCM column-supported embankments assuming uniform DCM 
soil strength properties is not a realistic representation of the actual situation. 
Many reliability studies considering spatial variability in natural soils are available in 
the literature (e.g., Cho (2007), Fenton and Griffiths (2005), Fenton and Griffiths 
(2008), Huang et al. (2010), Jiang and Huang (2016), Kasama and Zen (2011), Li et 
al. (2015a), Li et al. (2015b), Liu et al. (2017a)). However, the studies specific to 
spatial variability in DCM soils are limited (Kasama et al. 2012; Liu et al. 2015; 
Namikawa 2016; Namikawa and Koseki 2013; Zhang et al. 2017). In some cases, the 
reliability based performance was investigated considering natural and cement mixed 
soils as a composite system (Al-Naqshabandy and Larsson 2013; Al-Naqshabandy et 
al. 2012b; Huang et al. 2015; Navin 2005; Navin and Filz 2006). In addition to these 
studies, Babu et al. (2011), Larsson and Bergman (2015) and Al-Naqshabandy et al. 
(2012a) investigated the effects of different sources of uncertainty, on characteristic 
properties of DCM soil. All these studies highlighted the importance of spatial 
correlation length in establishing the strength profile of DCM soil in reliability 
studies. 
In this chapter, the performance of an embankment with side slopes supported on 
DCM wall panels was evaluated with and without considering the spatial variability. 
The analysis was carried out using two-dimensional plane-strain finite element 
models developed using the ABAQUS/Standard (2014) finite element program. In 
the first part of the study, performance of an embankment with DCM panels beneath 
the side slopes was analysed assuming uniform strength properties. Different 
combinations of DCM wall and geosynthetic reinforcement were investigated to 
identify the role of the geosynthetic reinforcement and the DCM panels underneath 
the embankment slopes in reducing the lateral deformation of embankments.   
In the second part of the chapter, the reliability of the embankment was studied 
considering the variability of properties within the DCM wall panels. Finite element 
method was used in assessing the reliability, and hence the failure patterns were 
captured based on the stiffness and strength profile within DCM wall panels. 
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Material properties for different cases were randomly generated from a lognormal 
distribution with a specific mean strength and a COV using a computer program 
written in MATLAB. The ABAQUS/Standard (2014) finite element analysis was 
executed for each case within this MATLAB program. The finite element analyses 
were based on a coupled analysis where pore water pressure generation and 
dissipation were included. Reliability was evaluated using the Monte Carlo method. 
A series of reliability analyses were conducted assuming an infinite correlation 
distance and finite correlation distances. The embankment performance was 
investigated for different mean strengths, coefficients of variation and spatial 
correlation lengths to identify the sensitivity of spatial variability on the reliability of 
the embankment performance. 
9.2 Numerical model 
The analysis was carried out using two-dimensional plane-strain numerical models 
developed using the ABAQUS/Standard (2014) finite element program. A three-
dimensional embankment can be converted into a two-dimensional plane-strain finite 
element model using the equivalent area approach or the equivalent properties 
approach. However, the performance of an embankment improved with DCM panels 
cannot be idealised using the equivalent area approach because the same panel width 
and height as in the three-dimensional model should be maintained in the two-
dimensional model. Therefore, in this study DCM panels beneath the embankment 
slopes were converted to a plane-strain model based on the equivalent properties 
approach. Accordingly, the width and height of the DCM panel were not changed 
and the equivalent properties for DCM panels ( eqeq cE ',  and eq'ϕ ) were calculated 
using Equations 5.2, 5.3 and 5.5. The value of n was considered as 3.5 in this study, 
which is based on the average stress concentration ratio calculated using a three-
dimensional numerical model of the embankment.  
9.2.1 Embankment geometry and boundary conditions 
Figure 9-1 shows the geometry of the embankment selected for this study. The 
embankment has a height of 5.5 m and a width of 30 m at the crest level. The 
gradient of the embankment side slopes is 2:1 and the width of the embankment at 
the base level is 52 m. There is a 10 m thick soft clay layer immediately below the 
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embankment fill, underlain by a 5 m thick silty sand layer and a 5 m thick stiff to 
hard clay layer, respectively. The soft clay layer beneath the slope of the 
embankment was improved with DCM panels with a width of 11 m and a height of 
10 m. Normally wall panels are used underneath sloping sides to minimise the lateral 
deformations and to improve the stability of the embankment (Yapage et al. 2014). 
Each DCM wall panel consists of eighteen 0.8 m diameter attached DCM columns 
with 0.2 m overlap. The panels were spaced at 2 m in the longitudinal direction of 
the embankment. Hence, the area replacement ratio (ARR) beneath the side slopes 
was 35.5%. The ground-water table was at the ground surface. A geosynthetic layer 
was placed at 0.25 m above the ground surface. 
The embankment was constructed in 5 stages. The first four fill layers have a 
thickness of 1 m and each layer was constructed over a period of 10 days at a 
uniform rate of 0.1 m/day. A 1.5 m thick fill layer was added during the fifth stage 
over 15 days.  
Only half of the embankment was modelled due to the symmetry of the problem. 
Therefore, the vertical boundary at the centreline of the embankment was assigned a 
symmetrical boundary condition. The vertical boundary at the far end of the 
embankment was set at 60 m away from the toe of the embankment and the 
deformations were restrained in the horizontal direction. At the bottom of the subsoil 
deposit (stiff to hard clay layer), movements were restricted in both vertical and 
horizontal directions. A zero pore water pressure boundary was set along the level of 
the water table. Coupled effective stress – pore water pressure analysis was carried 
out, below the ground-water level. The bottom boundary and the two vertical 
boundaries were considered as impermeable. 
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 Figure 9-1: Geometry of the embankment and layout of DCM walls and geosynthetic 
reinforcement layer. 
9.2.2 Finite element mesh and material models 
Three soil layers and DCM walls were modelled using eight-node quadrilateral 
elements with reduced integration and pore pressure degrees of freedom at the corner 
nodes (CPE8RP). Eight-node quadrilateral elements with reduced integration and 
without pore pressure degrees of freedom (CPE8R) were used to model the 
embankment fill. As described in Section 9.4.4, the DCM soil did not subject to post-
yield strain-softening even when the strength of entire DCM wall is very small, 
because of the effective load redistribution within the DCM wall. Therefore, the 
analyses presented in this chapter were carried out using the Mohr-Coulomb material 
model for the DCM column wall, without considering the strain-softening behaviour. 
The three soil layers and the embankment fill were also modelled using the Mohr-
Coulomb material model. The geosynthetic layer was modelled using three-node 
quadratic truss elements (T2D3), which do not resist bending and compressive 
stresses but resists tensile stresses.  
9.2.3 Selection of material parameters 
The material properties used for DCM walls, soft clay layer, silty sand layer and stiff 
to hard clay layer and embankment fill are shown in Table 9-1. The elastic modulus, 
cE , and the effective cohesion, cc' , of the DCM soil are considered as proportional 
to the unconfined compressive strength, uq , of the DCM soil. The relationship 
between the elastic modulus and the unconfined compressive strength of DCM soil 
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was assumed as uc qE 100= (Bruce and Bruce 2003; Huang et al. 2009; Yapage and 
Liyanapathirana 2014). According to the literature, the cohesion of DCM soil varies 
within the range of 0.2qu – 0.5qu (Andromalos et al. 2000; Broms 1999; Euro Soil 
Stab 2002; Yapage et al. 2014). Therefore, the effective cohesion of DCM soil was 
assumed as uc qc 4.0' = . Same relationships were used to vary cE and cc'  in 
proportionate to the strength of DCM soil in the probabilistic analysis.  The 
recommended values for the drained friction angle, c'φ , of DCM soil ranges from 
300-350 (Broms 1999; Euro Soil Stab 2002). Since c'φ  varies over a small range for 
DCM panels, it was considered as a deterministic parameter with a value of 300. 
The geosynthetic reinforcement was assumed to have an elastic modulus of 100 
MPa, yield strength of 75 MPa and a Poisson’s ratio of 0.3 (Ariyarathne et al. 2013; 
Huang and Han 2009; Le Hello and Villard 2009; Yapage et al. 2013). The thickness 
was assumed as 1 mm. The interaction between the geosynthetic layer and the 
embankment fill material was modelled as a surface to surface contact with an 
interface friction coefficient of 0.8. 
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Table 9-1: Material properties used for DCM wall, soft clay, silty sand and stiff to 
hard clay 
Parameter 
DCM 
Wall 
Soft 
clay 
Silty sand 
Stiff to 
hard clay 
Embankme
nt fill 
satγ  (kN/m
3) 18 18 18 16.5 19 
κ  (m/s) 5×10-8 5×10-8 8.3×10-7 5.3×10-7 - 
ν  0.3 0.3 0.3 0.3 0.3 
'c  (kPa) 250 1 1 1 10 
E  (MPa) 62.5 5 15 17 20 
'ϕ  300 250 300 250 300 
Note: satγ = saturated unit weight, κ = permeability, ν = Poisson’s ratio, 'c = 
effective cohesion, E = elastic modulus, 'ϕ = drained friction angle 
9.3 Embankment performance using the deterministic 
analysis  
In this section, the performance of the embankment was investigated assuming 
uniform material properties for the DCM panels as shown in Table 9-1. The 
performance of the embankment was evaluated for four different cases; (i) 
embankment without any improvement, (ii) embankment improved only with the 
geosynthetic, (iii) embankment improved only with the DCM panels and (iv) 
embankment improved with both DCM panels and geosynthetic reinforcement. The 
lateral deformations and settlements were compared for the four cases to identify the 
most favourable improvement option. The factor of safety of the embankment cannot 
be obtained using the numerical model developed in ABAQUS because this software 
is not based on strength reduction factors. Therefore, factor of safety is not discussed 
in this section.  
Lateral deformations in the embankment reached the peak at the end of the 
embankment construction (after 55 days). Therefore, maximum lateral deformations 
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at the toe of the embankment shown in Table 9-2 were obtained at 55 days. 
Settlements increased after the construction of the embankment, during the 
consolidation and settlements shown in Table 9-2 were obtained after 1500 days of 
the consolidation period.  
The deformations observed in the embankment in the four cases are summarised in 
Table 9-2. The lateral displacements were measured at the toe of the embankment 
and the settlements were measured at the centre of the embankment base. The 
maximum lateral displacement observed in the embankment constructed on natural 
soft soil, in Case 1 was 42 mm. When the embankment was improved with a 
geosynthetic layer, in Case 2, the lateral displacements did not show a significant 
reduction compared to Case 1. The maximum settlements were also the same in both 
Cases 1 and 2. In Case 3, where the embankment was improved with DCM panels, 
the lateral displacement at the toe was reduced by 55%.  
The maximum lateral displacement was observed below the toe of the embankment 
in Cases 3 and 4 and the magnitude was 34 mm. The settlements at the centreline of 
the embankment were slightly increased when the embankment is improved with 
DCM walls due to the lateral restraint provided by the DCM walls. Figure 9-2 shows 
the settlement profile along the base of the embankment for Cases 1 and 3. Although 
a slight settlement reduction is observed at the embankment centre in Case 1 
compared to Case 3, there is a significant settlement reduction observed in Case 3 
beyond the middle third of the embankment (beyond 5 m from the centreline of the 
embankment). Case 4 consists of a geosynthetic layer along with DCM panels. 
However, both settlements and lateral displacements observed in Case 4 were similar 
to those in Case 3.  
According to these results, the geosynthetic reinforcement is not effectively 
contributing to reduce the deformations of the embankment. The embankment 
improved with DCM panels was the most effective method to maintain the stability 
of the embankment, among the four cases considered in this study. Therefore, 
probabilistic analysis was carried out using an embankment with DCM panels 
underneath the side slopes without any geosynthetic reinforcement.  
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Table 9-2: Deformations of the embankment with different reinforcement conditions 
Soil 
improvement 
option 
Description 
Lateral 
displacement 
at the toe 
(mm) 
Settlement at the 
centre of the 
embankment base 
(mm) 
Case 1 Without DCM walls or geosynthetic 42 216 
Case 2 With geosynthetic only 42 216 
Case 3 With DCM walls only 19 222 
Case 4 With both DCM walls and geosynthetic 19 222 
 
 
Figure 9-2: Settlement profile along the base of the embankment with different 
ground improvement options 
9.4 Reliability-based performance of the embankment 
In this section, a probabilistic analysis was carried out considering the variability of 
strength properties of DCM walls to evaluate the reliability based performance of the 
embankment. The strength variability was introduced to the model under two 
conditions: (i) considering uniform strength properties within a DCM panel, where 
the spatial correlation length is infinite and (ii) considering spatially varying strength 
properties within a DCM panel, assuming a finite spatial correlation length. The 
main function of DCM panels is to resist the lateral deformations in the subsoil 
closer to the toe of the embankment. Therefore, the maximum lateral deformation 
beneath the toe of the embankment was used to monitor the performance of the 
embankment in the probabilistic analysis. As discussed in the previous section, the 
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maximum lateral displacement beneath the toe of the embankment in the 
deterministic analysis was 34 mm. A tolerance of 10% was allowed for the lateral 
deformation in the probabilistic analysis. Therefore, an embankment exceeding 37.5 
mm lateral displacement beneath the toe of the embankment was considered as an 
unsatisfactory performance. 
The compressive strength, elastic modulus and effective cohesion of DCM soil were 
considered as stochastic parameters in the probabilistic analysis. The c′c and Ec were 
varied in proportionate to uq as discussed in the “Selection of material parameters” 
section. The strength variability within the surrounding natural soil was not 
incorporated into this study. Many studies have shown that both lognormal and 
normal distributions are suitable to characterise the strength distribution within DCM 
soil (Honjo 1982; Kasama et al. 2012; Namikawa and Koseki 2013; Navin 2005). In 
this study, the compressive strength of DCM soil was assumed to have a lognormal 
distribution with a specific mean strength and variance instead of a normal 
distribution to avoid generating negative stiffness and strength properties within the 
material space.  
The variability incorporated analysis was carried out using half of the embankment 
geometry assuming symmetry of the embankment, which will assist to save analysis 
time and computer memory during the Monte Carlo simulations. Since the DCM 
panel is located 15 m away from the centreline of the embankment, the influence of 
the strength variability of the DCM wall on the deformations at the centreline is very 
small. Therefore, a symmetrical boundary condition at the centreline was considered 
as a reasonable assumption for this problem, although it is not symmetrical with 
respect to material space.  
9.4.1 Reliability analysis assuming infinite correlation length 
The strength properties within a DCM panel are uniform when the spatial correlation 
length is infinite. However, the DCM wall strength properties were varied among 
different realisations of the Monte Carlo analysis. The analysis was carried out for 
four mean DCM wall strength values and three COVs as shown in Table 9-3. As  
discussed in Chapter 7, the stochastic parameters in the reliability analysis were selected 
based on the data reported in the literature. According to the literature, the COV of DCM 
soil compressive strength varies from 0.14 to 0.99 (Al-Naqshabandy 2011; Larsson 
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2003; Navin 2005) and unconfined compressive strength of DCM columns (qu) varies 
from 0.2 MPa to 2.7 MPa (Bruce and Bruce 2003; Jamsawang et al. 2015; Kasama et al. 
2012; Navin 2005). Thus, Current analysis considers COVs ranging from 0.3 to 0.7 and  
qµ  values varying from 0.2 MPa to 0.8 MPa. DCM panel strength values were 
randomly generated from a lognormal distribution with a specific mean strength and 
a COV using a computer program written in MATLAB. The ABAQUS finite 
element analysis was executed for each case within the MATLAB program. The 
MATLAB script used to generate the input files for the Monte Carlo simulations is 
shown in Appendix C (a). The probability of unsatisfactory performance, uP , was 
obtained as the ratio of frequency of unsatisfactory performance to the number of 
Monte Carlo realisations. 1500 Monte Carlo realisations were used in this study.  
Table 9-3: Parameters used in the probabilistic study assuming an infinite correlation 
length 
Probabilistic model parameters for 
DCM panels 
Range of values 
Mean strength, qµ  (kPa) 625, 750, 1000, 1250 
Effective cohesion, cc'  uq4.0  
Friction angle, 'ϕ  300 
Elastic modulus, cE  uq100  
COV 0.3, 0.5, 0.7 
Monte Carlo realisations 1500 
Note: Since friction angle varies between 300-350 (Broms 1999; Euro Soil Stab 
2002), a constant value of 300 was used in this study. 
 
Figure 9-3 shows the distribution of lateral displacements resulted from 1500 Monte 
Carlo realisations for the case with mean compressive strength of 625 kPa and COV 
of 0.5. As shown in Figure 9-3, the lateral displacement corresponding to 
deterministic design was 34 mm. However, the possible outcomes of lateral 
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displacement vary from 32 mm – 45 mm. There is a 62% probability of lateral 
displacements exceeding the target lateral displacement (34 mm) and 11% 
probability of exceeding the limiting lateral displacement (37.5 mm). However, these 
probabilities are corresponding to a partial factor of safety (PFOS) of strength, which 
is the ratio of mean strength, qµ , to the deterministic design strength, uq , of 1. The 
probability of unsatisfactory performance when PFOS exceeds 1 will be discussed 
later in this section. 
 
Figure 9-3: Maximum lateral displacements of the embankment obtained using 1500 
Monte Carlo realisations 
 
The variation of uP  for different COVs and different mean strengths, obtained using 
Monte Carlo simulations and calculated using 1D probabilistic method are shown in 
Figure 9-4. The predicted values and the calculated values for uP  show a good 
agreement. This indicates that 1500 Monte Carlo simulations are sufficient to yield a 
good prediction of unsatisfactory performance of the DCM wall improved 
embankment.  
As shown in Figure 9-4, when the mean strength was equal to 625 kPa, the uP  was 
greater than 10% for both cases with COV equal to 0.5 and 0.7. uP  was reduced to 
1% when COV was 0.3. uP  was large in all the cases with COV 0.7, even when the 
mean strength was increased as twice as design strength. uP  approaches zero with 
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decreasing COV. uP  values less than 1/1500 (zero failed cases out of 1500 Monte 
Carlo realisations) was obtained when the COV was 0.3 and the mean strength was 
greater than 750 kPa. The calculated uP  values for these cases using 1D probabilistic 
method were less than 0.0001. At small mean strength values, uP  increased sharply 
with increasing COV. At large mean strength values, uP  was less sensitive to COV.  
The performance of embankment with DCM panel strength of 625 kPa was within 
the acceptable limits under the deterministic analysis, where uncertainty of strength 
was not considered. According to the reliability performance criteria proposed by U. 
S. Army Corps of Engineers (1995), the probability of unsatisfactory performance of 
an embankment is at hazardous level  ( uP > 0.16) when the PFOS is 1 and COV is 
0.7. It suggests that, an embankment just satisfying the stability criteria under 
deterministic analysis is not safe enough due to the variability of strength properties.  
 
Figure 9-4: Probability of unsatisfactory performance of the embankment with 
increasing COV at different mean strength values, calculated using Monte Carlo 
method and 1D probability.  
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9.4.2 Reliability analysis assuming finite spatial correlation 
length 
Finite spatial correlation lengths indicate variation of strength properties within 
individual DCM panels. The degree of correlation between strength properties at 
different locations within the DCM panel can influence the performance of an 
embankment improved with DCM panels. Therefore, in this section, a series of 
reliability analyses were carried out for a DCM panel improved embankment 
considering finite spatial correlation lengths of DCM soil strength. According to the 
literature, spatial correlation lengths in DCM improved ground are different in the 
horizontal and vertical directions (Al-Naqshabandy et al. 2012a; Larsson et al. 
2005b; Tang et al. 2001).  However, data for cross correlation between horizontal 
and vertical spatial correlation lengths are not available. Therefore, in this analysis 
correlation length was assumed as equal in all directions within the plane of the 
panel. Table 9-4 shows the parameters used in the analysis.  
Table 9-4: Parameters used in the probabilistic study assuming finite correlation 
length 
DCM column properties  Range of values 
Mean strength, qµ (kPa) 625, 750, 1000, 1250 
PFOS 1, 1.2, 1.5, 2 
Effective cohesion, cc'  uq4.0  
Friction angle, 'ϕ  300 
Elastic modulus, cE  uq100  
COV 0.3, 0.5, 0.7 
Monte Carlo iterations 1500 
Spatial correlation length, θ  0, 0.5, 1, 2, 4 
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The strength fields within the DCM panels were generated using a MATLAB 
program in this analysis. The autocorrelation function shown in Equation 9.1 was 
used to determine the correlation coefficient of compressive strength between two 
nodes in the DCM wall (Honjo 1982; Namikawa and Koseki 2013). 
 
( ) 




−=
θ
ρ dd exp
                                                               (9.1) 
where ρ(d) is the correlation coefficient, d is the distance between two nodes and θ is 
the spatial correlation length. 
The compressive strength at ith node, iq , is a lognormally distributed random field 
with mean, qµ , coefficient of variation, qCOV , and spatial correlation distance θ and 
was calculated as:  
( )iqqi Gq ⋅+= lnlnexp σµ                                                        (9.2) 
where qlnµ  and qlnσ are calculated using Equations 9.3 and 9.4, and  is a random 
variable with a spatial correlation distance of θ, calculated using equation 9.5. The 
range of  was bounded between +4 and -4 to avoid extremely large or small iq  
values.   
( )2ln 1ln qq COV+=σ                                                           (9.3) 
2
lnln 2
1ln qqq σµµ −=
                                                            (9.4) 
ni CRG =                                                                            (9.5) 
where, C is the Cholesky decomposition of the correlation coefficients matrix and Rn 
is a normally distributed random variable with zero mean and unit variance. 
This procedure was repeated for each Monte Carlo realisation to generate different 
strength profiles in the DCM panel. The elastic modulus and cohesion were changed 
across the DCM panel in proportionate to iq  as discussed in the “Selection of 
material parameters” section. The compressive strength profiles in the DCM panel 
generated in typical Monte Carlo realisations for cases with different correlation 
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distances are shown in Figure 9-5. In Figure 9-5, darker regions indicate higher 
strengths and lighter regions indicate lower strengths.  
  
(a) 
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 (b)  
 
(c) 
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Figure 9-5: Typical samples of compressive strength profiles within DCM panel 
when spatial correlation length is (a) 0 m, (b) 1 m, (c) 4 m 
 Figure 9-6 shows the performance levels of the embankment with different spatial 
correlation lengths for the case with mean strength of 625 kPa. uP  was less than 
1/1500 for all the considered spatial correlation distances when the COV was 0.3. 
For the cases with COV 0.5 and 0.7, uP  was maximum when spatial correlation 
length was 2 m. The ratio of the spatial correlation length corresponding to the peak 
uP  to the width of DCM wall is 0.18. uP  reduced when correlation length is greater 
than 2 m. A strength profile with a small spatial correlation length indicates a highly 
variable strength distribution over the material space. Therefore, any possible failure 
surface may encounter both strong elements and weak elements in equal proportions. 
As a result, uP  tends to zero when spatial correlation length reduces below 2 m. 
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Figure 9-6: Reliability based performance of the embankment with finite spatial 
correlation lengths 
 
 
Figure 9-7: Reliability based performance of the embankment with increasing PFOS  
Performance of the embankment when the spatial correlation length equals to 2 m, 
which gives the most critical uP , was studied at different PFOS values for DCM 
strength. Figure 9-7 shows the variation of uP  with increasing PFOS for strength, 
with and without considering spatial variability in DCM wall. uP  reduced with 
increasing PFOS as well as with reducing COV. When spatial correlation length was 
2 m and COV was equal to 0.3, uP  values were less than 1/1500 for all the mean 
strength values considered. This indicates a good reliability level. Probability of 
unsatisfactory performance was at below average and lower reliability classes for all 
the other cases when COV equals to 0.5 or 0.7, even when PFOS was as large as 2.  
When compared with the case with infinite spatial correlation length, the uP  
predicted assuming spatial correlation length of 2m are higher for some cases, 
0.0001
0.001
0.01
0.1
1
0.5 1 1.5 2 2.5
Pr
ob
ab
ili
ty
 o
f u
ns
at
isf
ac
to
ry
 p
er
fo
rm
an
ce
 (P
u)
 
Partial factor of saftey for strength (µq/qu) 
COV=0.3 and correlation length = 2 m
COV=0.5 and correlation length = 2 m
COV=0.7 and correlation length = 2 m
COV=0.3 and infinite correlation length
COV=0.5 and infinite correlation length
COV=0.7 and infinite correlation length
Performance Level according to U.S.Army 
(1995) 
Hazardous 
Unsatisfactory 
Poor 
Below average 
Above average 
Good 
201 
 
especially at larger PFOS values. This emphasises that analysis assuming infinite 
spatial correlation length cannot always yield a conservative estimation of uP . 
Therefore, numerical analysis incorporating the spatial correlation of strength is 
important in evaluating reliability of DCM panel supported embankments.  
9.4.3 Observed trends in the Monte Carlo simulation results 
The maximum lateral displacement beneath the toe of the embankment is expected to 
vary linearly with the strength of the DCM wall panel when the panel strength is 
uniform over the section. Therefore, the Monte Carlo simulation that assumes 
uniform strength of DCM wall and lognormal distribution of strength values among 
the realisations produces set of maximum lateral deformations that fit into a 
lognormal distribution. However, when the DCM panel strength varies spatially, the 
type of distribution of the resulting lateral deformations cannot be pre-determined. 
An attempt was taken in this section to identify the type of distribution of the lateral 
deformation data generated from Monte Carlo simulations. Figure 9-8 shows results 
from three cases along with their normal and lognormal probability density 
functions. Results for other analysis cases are included in Appendix C (c). The 
deformation data generated from Monte Carlo realisations show a poor fit with 
normal and lognormal probability distributions. Hence, the uP  predicted using the 
best fit normal and lognormal distributions largely differed from the uP  values 
obtained from Monte Carlo simulations (Figure 9-9). 
      
             (a)                                                                     (b) 
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 (c) 
Figure 9-8: Best fit normal and lognormal distributions for the lateral deformation 
data obtained from Monte Carlo simulations (a) PFOS=2, COV= 0.3 and θ = 2 m; 
(b) PFOS=1, COV= 0.5 and θ = 2 m and (c) PFOS=1, COV= 0.7 and θ = 1 m 
 
 
Figure 9-9: Pu predicted from Monte Carlo simulations Vs Pu calculated using best 
fit probability distributions 
Although the Monte Carlo simulation results do not fit into a probability distribution, 
the deformation data showed some trends with changing characteristics of the 
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strength field. Table 9-5 shows the change in lateral deformation data with increasing 
spatial correlation length, when PFOS=1 and COV=0.7. The lower bound of the 
lateral deformation data do not change more than 1 mm when spatial correlation 
length varied between 0 to 4 m. The upper bound of the deformation data increased 
gradually from 34.668 mm to 47.307 mm with increasing spatial correlation length 
from 0 to 4 m. As a result, the span of the deformation data distribution also 
increased with increasing spatial correlation length. The lateral deformation data tend 
to deviate more from a normal or lognormal distribution with increasing correlation 
length. 
Table 9-5: Changes in the distribution of lateral deformation data when increasing 
spatial correlation length (PFOS=1 and COV=0.7) 
Spatial correlation 
length, θ 
0 0.5 m 1 m 2 m 4 m 
Lower bound (mm) 33.696 34.039 33.388 33.172 33.294 
Upper bound (mm) 34.668 39.949 42.817 46.505 47.307 
Span of the distribution 
(mm) 
0.972 5.91 9.429 13.303 14.013 
As shown in Table 9-6, both upper and lower bounds of the lateral deformation data 
changed slightly with increasing PFOS.  The difference in the span of data is also 
less than 1 mm between the four cases shown in Table 9-6. This indicates that PFOS 
does not change the upper and lower bounds of the data set. However, the skewness 
of the data distributions increased in the positive direction with increasing PFOS.  
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Table 9-6: Changes in the distribution of lateral deformation data when increasing 
PFOS (COV=0.7 and θ=2 m) 
PFOS 1 1.2 1.5 2 
Lower bound (mm) 33.172 32.402 31.733 31.437 
Upper bound (mm) 46.505 46.408 46.028 45.644 
Span of the distribution 
(mm) 
13.303 14.001 14.295 14.207 
Skewness 1.3872 1.5082 1.7105 1.9041 
Changes in the lateral deformation data with increasing COV are shown in Table 9-7. 
The lower bound did not vary significantly with changing COV. The upper bound 
and the span of lateral deformation data increased with increasing COV.  
Table 9-7: Changes in the distribution of lateral deformation data when increasing 
COV (PFOS=1 and θ= 2 m) 
COV 0.3 0.5 0.7 
Lower bound (mm) 33.491 33.166 33.172 
Upper bound (mm) 37.285 43.808 46.505 
Span of the distribution (mm) 3.794 10.642 13.303 
 
9.5 Conclusions 
Performance of a DCM panel supported embankment was investigated in this 
chapter using both deterministic and probabilistic analyses. In the deterministic 
analysis, the embankment performance was studied with four different combinations 
with and without DCM panels and geosynthetic reinforcements. DCM panels 
significantly reduced the lateral deformations of the embankment and settlements 
beneath the side slopes of the embankment. Geosynthetic layer did not effectively 
contribute to improve the performance of the embankment in this case, where no 
205 
 
DCM columns were installed underneath the embankment. Accordingly, the 
optimum reinforcement condition was improving the embankment only with DCM 
wall panels beneath the side slopes of the embankment. 
Reliability analysis of the embankment was conducted under two conditions: when 
strength is uniform within the DCM wall but varying among the different realisations 
of Monte Carlo simulations and when the DCM strength is varying within a DCM 
panel as well as among the Monte Carlo realisations. Although the Probability of 
unsatisfactory performance was unacceptably high for most analysed cases, they 
satisfied stability criteria under deterministic analysis. uP  predicted assuming finite 
correlation lengths were critical under reliability criteria when compared to uP  
predicted assuming an infinite correlation length, for some analysis cases. This 
emphasises the importance of carrying out a reliability analysis for DCM panel 
improved embankments incorporating the spatial correlation of strength. When the 
effect of spatial correlation length was incorporated, a peak for uP  was observed 
when spatial correlation distance was 0.18 times the width of the DCM wall. uP  
values tend to zero with decreasing correlation length below 2 m as well as 
decreasing COV.  
The deformation data obtained from Monte Carlo simulations incorporating spatial 
variability of strength properties did not fit well into a normal or lognormal 
probability distribution. However, the lateral deformation data showed some clear 
responses to changing spatial correlation length and COV of the input strength field. 
The upper bound and the span of the deformation data increased with increasing 
spatial correlation length and COV. The skewness of the deformation distribution 
shifted to left with increasing PFOS. The upper and lower boundaries of the lateral 
deformation data were not affected by the PFOS.  
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Chapter 10 
10 Parameters contributing to the load 
transfer mechanism in geosynthetic 
reinforced column-supported 
embankments 
10.1 Introduction 
Chapter 10 is based on a numerical model of a triangular arrangement of DCM 
column improved embankment whereas Chapters 5 to 7 presented square 
arrangements of DCM column improved embankments and Chapters 8 to 9 
presented DCM wall improved embankments. Chapter 10 presents an in-depth 
investigation into the load transfer mechanism taking place in DCM column 
improved embankments when the columns are arranged in a triangular grid.  
Highway and road embankments located on deep soft soil deposits are often 
supported with columnar inclusions such as concrete piles, DCM columns, and stone 
columns to reduce settlements and to increase the stability. Due to the large stiffness 
of columns relative to the surrounding soil, majority of embankment load is 
concentrated onto the columns. Soil arching is the primary mechanism that 
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contributes to transfer more stresses onto columns in column-improved soft grounds 
(Ellis and Aslam 2009; Rajagopal and Bhasi 2017; Zhuang et al. 2012; Zhuang and 
Li 2015). Lateral reinforcement of embankments using geosynthetic reinforcement 
also enhances stress concentration onto columns through membrane action 
(Abusharar et al. 2009; Benmebarek et al. 2015; Deb and Mohapatra 2013; Lai et al. 
2014; Liu et al. 2007; Van Eekelen et al. 2013; Yapage and Liyanapathirana 2014). 
Furthermore, geosynthetic reinforcement helps to restrain excessive lateral 
deformations near the embankment slopes (Ariyarathne and Liyanapathirana 2014; 
Liu et al. 2007). Therefore, combination of columnar inclusions and geosynthetic 
reinforcement is an effective solution to support embankments on weak soil layers.  
Different analytical models have been proposed in the literature to evaluate the soil 
arching mechanism. All proposed analytical models give a high importance to the 
geometrical characteristics of the ground improvement system such as column 
configuration, column spacing and diameter of the columns, in estimating the load 
transfer through soil arching. However, the shape of the soil arch assumed in the load 
transfer mechanisms is not consistent in different design approaches. BS 8006 
(2010), Potts and Zdravkovic (2010), Abusharar et al. (2009), Hewlett and Randolph 
(1988), Zhuang and Cui (2015) and Yapage et al. (2013) presented analytical models 
based on semicircular or dome shaped arches with a specific thickness. The 
analytical models proposed by Kempfert et al. (1997) and Kempfert et al. (2004) 
assumed multi-shell type soil arching. Guido et al. (1987), Rogbeck et al. (1998) and 
Le Hello and Villard (2009) proposed that the arches formed above the columns are 
of triangular shape. Vermeer et al. (2001), Van Eekelen et al. (2013) and Nadukuru 
and Michalowski (2012) reported that the embankment load transfer to columns 
through a set of concentric arches formed within the embankment fill. Apart from the 
geometrical characteristics, the degree of arching in a geosynthetic reinforced 
column-supported embankment depends on many other parameters such as stiffness 
of columns,  stiffness of surrounding soil, properties of embankment fill material, 
height of the embankment and properties of the geosynthetic reinforcement (Borges 
and Marques 2011; Ghosh et al. 2017a; Ghosh et al. 2017b; Girout et al. 2014; 
Jennings and Naughton 2012; Le Hello and Villard 2009; Yapage and 
Liyanapathirana 2014; Zhuang et al. 2010).  
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Due to the inconsistencies in the arching mechanism and the influential parameters 
considered, the predictions from different analytical models vary largely 
(Ariyarathne and Liyanapathirana 2015; Chen et al. 2008; Lawson 2012; Naughton 
and Kempton 2005; Wu et al. 2017; Yapage and Liyanapathirana 2014). At the same 
time, most of the numerical and analytical models reported in the literature are based 
on square patterned grid of columns. Triangular patterned grid of columns is also a 
commonly used configuration in the field applications (Liu et al. 2012; Ye et al. 
2013). However, studies on the load transfer mechanism in a triangular arrangement 
of columns are very few (Esmaeili and Khajehei 2016; Gunnvard et al. 2017a; 
Gunnvard et al. 2017b; Zhang et al. 2016). Hence in this chapter the load transfer 
mechanism in a geosynthetic reinforced column-supported embankment, where the 
columns are arranged in a triangular grid, is investigated using 3D finite element 
simulations. Sunsequently, parametric studies are carried out to investigate the 
influence of geosynthetic reinforcement, properties of embankment fill material, 
elastic modulus of columns, column spacing and column diameter on the load 
transfer mechanism.  
10.2 Geometry of the embankment 
A hypothetical case of a geosynthetic reinforced column-supported embankment 
located on a 10 m deep soft clay deposit was numerically simulated using the finite 
element method. Figure 10-1(a) shows the cross section of the subsoil layers and the 
embankment. The height of the embankment is 5 m. The embankment width is 15 m 
at the crest level and 25 m at the base level. The embankment is laterally reinforced 
with a geosynthetic layer at a height of 0.15 m above the base. A gravel platform 
layer was applied between the ground surface and the geosynthetic layer. The subsoil 
layer is vertically reinforced with 10 m deep reinforced concrete columns. The 
columns are anchored to a stiff soil layer at a 10 m depth. Figure 10-1(b) shows the 
plan view of the column layout in a triangular grid. The subsoil layer is improved 
with 0.6 m diameter columns arranged in a triangular grid. Since the main aim of this 
study is to investigate the arching mechanism, columns made out of concrete have 
been used. As indicated in Figure 10-1(b), the centre-to-centre spacing between two 
columns is 2 m. The ground water table was assumed as located at the ground 
surface level.  The embankment was constructed over 50 days at a rate of 0.1 m/day.  
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(a) 
 
(b) 
Figure 10-1: Geometry of the improved embankment and ground conditions (a) 
Section view   (b) Plan view 
10.3 Three-dimensional numerical model 
A 3D numerical model of the embankment was developed using the 
ABAQUS/Standard (2014) finite element modelling program. A 1.73 m wide section 
of the embankment with the plan view as shown in Figure 10-1(b) with two rows of 
columns was modelled in the 3D space.  Only one half of the embankment was 
modelled considering the symmetry of the embankment. The numerical analysis was 
carried out based on the effective stress principle and the coupled behaviour allowing 
pore pressure generation and dissipation. The columns were modelled as square 
shaped columns with cross sectional area equivalent to the cross sectional area of 
cylindrical columns. The width of the square shaped columns (w), in the 3D model 
was calculated as 0.886D, where D is the diameter of a cylindrical column.   
A symmetrical boundary condition was assigned to the vertical boundary at the 
centreline of the embankment (X=0). Displacement of the vertical boundary at 
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X=95.09 m was restricted in both X and Y directions. Displacements of the bottom 
boundary at a 10 m depth were restricted in all three directions. Y=0 and Y=1.73 m 
planes were assigned symmetrical boundary conditions on the Y plane. Zero pore 
water pressure boundary condition was set at ground surface to allow pore water 
pressure dissipation.  
The soft clay layer was modelled using twenty-node quadratic brick solid elements 
with reduced integration and pore pressure degrees of freedom at corner nodes 
(C3D20RP). The concrete columns were considered as impermeable. Therefore the 
columns, the embankment fill and the platform layer were modelled using twenty-
node quadratic brick solid elements with reduced-integration and without pore 
pressure degrees of freedom (C3D20R). Eight-node quadratic membrane elements 
with reduced integration (M3D8R) were used to model the geosynthetic layer. The 
interaction between the geosynthetic layer and the embankment fill material was 
modelled as a surface to surface contact with an interface friction coefficient of 0.8. 
The soft clay layer, embankment fill material and the platform layer were modelled 
using the Mohr-Coulomb model. The columns were assumed as elastic. The 
geosynthetic layer was modelled using an elastic perfectly plastic material model. 
The mechanical properties of soft clay, embankment fill, columns and geosynthetic 
layer used in the base case are shown in Table 10-1.   
Table 10-1: Material properties used in the numerical models 
Material  Parameters 
Soft Clay 
E =5 MPa, 'c =8 kPa, 'φ =250, 'ϕ =00, ν =0.3, k = 1×10-9 m/s, 
γ =18 kN/m3 
Embankment 
fill 
E =20 MPa, 'c =5 kPa, 'φ =350, 'ϕ =00, ν =0.3, γ =19 kN/m3 
Platform E =30 MPa, 'c =10 kPa, 'φ =350, 'ϕ =00, ν =0.3, γ =19 kN/m3 
Column E =30 GPa, ν =0.2 
Geosynthetic 
mkNEtJ g /2000== , ν =0.3, gt =4 mm, T =300 kN/m, ic
=0.8, 
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E , elastic modulus; 'c , effective cohesion of soil; 'φ , effective friction angle; 'ϕ , 
dilation angle; ν , Poisson’s ratio; k , permeability; γ , unit weight of soil; J , 
stiffness of the geosynthetic; gt , thickness of the geosynthetic; T , yield strength of 
geosynthetic; ic , interaction coefficient between geosynthetic and platform fill 
10.4 Load transfer mechanism over the triangular 
column grid 
Vertical stress distribution within the embankment fill material, above the centre of 
the triangular span between three columns (Node A in Figure 10-1(b)) at the end of 
consolidation, is plotted in Figure 10-2. The vertical stress profile within the 
embankment fill follows the overburden stress profile up to a height of 1.5 m from 
the base. Below this height, the vertical stress is lower than the overburden stress. 
The reduction in vertical stress is due to the transfer of loads onto columns through 
soil arching. The vertical stress reduces with reducing height from the base and the 
vertical stress increases again below a height of 0.225 m, which is the invert of the 
arch. Accordingly, the thickness of the arch is about 1.275 m. This value is much 
larger than half of the diameter of columns, which is to 0.3 m.  
Figure 10-3(a) shows the variation of horizontal stress within the embankment fill at 
Y=0 plane. The formation of the soil arches within the embankment fill can be 
visualised by observing the horizontal stress variation because the horizontal stress 
along an arch is a constant. As shown in Figure 10-3(b), the arches formed within the 
embankment fill have an arc shaped cross section with approximately constant 
thickness. However, the shape of the cross section of the arch is not exactly a semi-
circle as assumed by many analytical models such as BS 8006 (2010), Kempfert et 
al. (2004), Hewlett and Randolph (1988) and Van Eekelen et al. (2013). Figure 10-4 
shows the shape of the crown of 3D arch formed above the triangular grid of 
columns. The arch has a dorm shape, connecting three adjacent columns. 
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 Figure 10-2: Vertical stress distribution in the fill above Node A  
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 (b) 
Figure 10-3: Soil arching in the embankment fill material (a) horizontal stress 
distribution within the embankment (b) shape of the arch 
 
 
Figure 10-4: Shape of the arch above concrete columns 
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Figure 10-5 shows the principal stress distribution in the geosynthetic layer at the 
end of the consolidation. The highest tensile stresses in the geosynthetic layer were 
developed above the perimeter of the columns. Bands of high stresses were also 
developed connecting adjacent columns. This is clearly visible on the geosynthetic 
layer, in the midway between the centre and the toe of the embankment. This is the 
same region where maximum settlement occurs (Figure 10-6). As shown in Figure 
10-6, the settlements in the geosynthetic layer were small over the columns and large 
settlements occurred over the span between the columns.  
 
Figure 10-5: Principal stress distribution in the geosynthetic layer 
 
Figure 10-6: Deformed shape of the geosynthetic reinforcement (Deformation scale 
factor = 25) 
10.5 Two-dimensional plane-strain models 
The parametric study was conducted using 2D plane-strain models due to the long 
time required for a 3D analysis to complete. Therefore, the three-dimensional 
embankment problem was converted into an equivalent two-dimensional (2D) plane-
strain model based on equivalent area (2D-EA approach). In this method, the 
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geometry of the columns is modified based on the area replacement ratio keeping the 
material properties intact. The triangular grid of columns was converted into 
equivalent column walls using three different approaches, named as 2D-EA-1, 2D-
EA-2 and 2D-EA-3, as illustrated in Figures 10-7(a), 10-7(b) and 10-7(c). In the 2D-
EA-1 model (Figure 10-7(a)), the equivalent column walls are spaced at half of the 
distance between two columns. For the embankment problem considered in this 
study, the centre to centre distance between the column walls is 1 m. The thickness 
of the equivalent column walls converted based on area replacement ratio is 0.08 m. 
In the 2D-EA-2 model (Figure 10-7(b)), the equivalent column walls are spaced at 
the same column spacing as in the 3D triangular grid arrangement. Accordingly, the 
column walls are located at 2 m intervals in the 2D-EA-2 model and the thickness of 
the column walls is 0.16 m. As shown in Figure 10-7(c), in the 2D-EA-3 model, the 
soil block under the influence of single column is first converted to a square with 
equivalent area. The spacing between the column walls in the 2D-EA-3 model is 
equal to the width of the square shaped area. In this study, the equivalent column 
walls are spaced at 1.86 m intervals and the column wall thickness is 0.15 m.  
Material properties and material models used for the 2D plane-strain models are 
same as those used in the 3D model. A symmetrical boundary condition was 
assigned to the vertical boundary at the centreline of the embankment. The vertical 
boundary at the far end from the embankment was set at 60 m away from the toe of 
the embankment and was assigned with zero lateral displacements. Displacements at 
the bottom boundary were restricted in both vertical and horizontal directions. Zero 
pore water pressure was assigned at the ground surface. The columns, platform layer 
and embankment fill were modelled using eight-node quadrilateral elements with 
reduced integration and without pore pressure degrees of freedom (CPE8R). The soft 
clay was modelled using eight-node quadrilateral elements with reduced integration 
and pore pressure degrees of freedom at the corner nodes (CPE8RP). 3-node truss 
elements (T2D3) were used to model the geosynthetic layer. 
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(a)                                                              (b) 
 
(c) 
Figure 10-7: Conversion of 3D geometry of the column layout into plane-strain 
model (a) 2D-EA-1 approach, (2) 2D-EA-2 approach (c) 2D-EA-3 approach 
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10.6 Comparison of models 
The results obtained from 2D plane-strain models were compared with 3D model 
results to identify a suitable method to convert a triangular grid arrengement of 
columns into a plane-strain model. The results were compared in terms of 
settlements, lateral deformations, average vertical stress over columns and maximum 
tension in the geosynthetic reinforcement layer.  
Final settlements along the base of the embankment obtained from 3D model and 2D 
plane-strain models are shown in Figure 10-8. 2D-EA-1 model highly 
underestimated the settlements. This is because the columns are closely spaced (1 m 
spacing) in the 2D-EA-1 model and therefore, large proportion of embankment load 
is transferred to the columns through soil arching. 2D-EA-2 and 2D-EA-3 models 
slightly overestimated the settlements. Closest predictions to the 3D model were 
given by 2D-EA-3 model.  
 
Figure 10-8: Settlement profiles at the base of the embankment  
Lateral displacements beneath the slope of the embankment are highest at the end of 
the embankment construction. After that, lateral displacements reduced during the 
consolidation due to reduction in active pressures exerted by pore water pressure. 
The peak lateral displacements obtained at the end of the construction stage using 3D 
model, 2D-EA-1 model, 2D-EA-2 model and 2D-EA-3 model are 16.6 mm, 11.7 
mm, 22.4 mm and 23.6 mm, respectively. 2D-EA-1 model under-predicted the lateral 
deformations and 2D-EA-2 and 2D-EA-3 models over-predicted the lateral 
deformations.  
The average vertical stresses over the second column from the centre of 
embankment, at the end of consolidation period, obtained from the four numerical 
0
5
10
15
20
25
0 5 10 15 20 25
Se
ttl
em
en
t (
m
m
) 
Distance from centre of the embankment (m) 
3D
2D-EA-1
2D-EA-2
2D-EA-3
218 
 
models are shown in Figure 10-9. The average vertical sress over column predicted 
in the 3D model is 712.75 kPa. 2D-EA-1 model showed large vertical stress over the 
column compared to the 3D model. This indicates that more embankment load is 
attracted by the columns in the 2D-EA-1 model, due to close spacing between 
qeuavalent column walls. Vertical stresses over the columns were closely predicted 
by the 2D-EA-2 model and 2D-EA-3 model. The two model predictions are 
respectively, 5.7% and 5.9% lower than 3D model predictions.  
 
Figure 10-9: Comparison of average vertical stress over concrete columns and 
maximum tension in the geosynthetic reinforcement obtained from different 
numerical models 
The maximum tension observed in the geosynthetic layer in the four numerical 
models are also shown in Figure 10-9. Maximum tension in the geosynthetic was 
observed at 11.02 m distance from the centre of the embankment in the 3D model. 
Due to the lower settlements and lateral deformations, the tension developed in the 
2D-EA-1 model is small compared to 3D model. The distance to the point with 
maximum tension in the geosynthetic was 12.95 m in the 2D-EA-1 model. 2D-EA-2 
model predicted 7.7% lower tension in the geosynthetic layer, than the 3D model. 
Tension predicted in 2D-EA-3 model is 16.6% higher than tension observed in the 
3D model.  The maximum tension occurred at 10.08 m from the centreline in the 2D-
EA-2 model and at 11.02 m from the centreline in the 2D-EA-3 model. Therefore, 
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2D-EA-3 model can be considered as giving an approprite prediction for the 
behaviour of the geosynthetic layer. 
The comparison shows that a triangular grid of columns can be converted to an 
equivalent plane-strain model using 2D-EA-3 model. 2D-EA-3 model yields close 
and conservative predictions for the 3D model. 2D-EA-2 model yields good 
approximations for settlements and lateral deformations. However, the tension in the 
geosynthetic layer was under-predicted by 2D-EA-2 model. Also, the location of the 
maximum tension in geosynthetic layer was not well captured by the 2D-EA-2 
model. 2D-EA-1 model is not suitable to model the load transfer mechanism because 
it highly underestimated the deformations in the embankment and geosynthetic 
tension, and overestimated the vertical stress over columns.  
10.7 Parametric study 
A parametric study was carried out using 2D-EA-3 model. Influence of geosynthetic 
reinforcement, properties of embankment fill material, elastic modulus of columns 
and column configuration on the load transfer mechanism is investigated in this 
section. Table 10-2 shows the range of material properties used for the parametric 
study. The efficacy of columns was used to evaluate the influence of each parameter 
on the load transfer mechanism. Column efficacy, cη , was calculated using Equation 
6.1. The degree of influence of each parameter on the column efficacy was 
calculated to understand the most influential parameters on the load transfer 
mechanism. Equation 10.1 was used to calculate the degree of influence, DOI 
(Yapage and Liyanapathirana 2014).    
%100
2minmax
minmax ×
+
−
=
APAP
APAP
DOI                                         (10.1) 
where maxAP  is the maximum value of the assessing parameter and minAP  is the 
minimum value of the assessing parameter. 
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Table 10-2: Range of material properties used for parametric studies 
Parameter Range of values 
Tensile stiffness of geosynthetic  (kN/m) 2000, 4000, 6000, 8000 
Friction angle of embankment fill material 300, 320, 350, 360, 380, 400 
Elastic modulus of concrete columns (GPa) 20, 25, 30, 35, 40 
Spacing between columns (m) 1, 1.2, 1.5, 1.8, 2 
Diameter of columns (m) 0.6, 0.8, 1, 1.2, 1.5 
 
Figure 10-10 shows the variation of column efficacy with increasing tensile stiffness 
of geosynthetic. Column efficacy increases with increasing geosynthetic tensile 
stiffness. However, the change in column efficacy is small. Higher stiffness of 
geosynthetic reinforcement helps to reduce differential settlement between column 
and soil.  Therefore, loads transferred to columns through soil arching reduce with 
increasing stiffness of geosynthetic. In contrast, geosynthetic reinforcement of higher 
stiffness transfers more stresses to columns through membrane action. Therefore, the 
overall load transferred to the columns does not vary significantly. As a result, the 
change in column efficacy is small with respect to stiffness of geosynthetic. The DOI 
of tensile stiffness of geosynthetic on the column efficacy calculated based on data 
shown in Figure 10-10 is only 0.28% %, which confirms that there is no significant 
change to the load transfer mechanism and the shape of the arch formed above 
columns with stiffness of the geosynthetic.  
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 Figure 10-10: Variation of column efficacy with tensile stiffness of geosynthetic 
Column efficacy increases with increasing friction angle of the embankment fill 
material (Figure 10-11). The DOI of friction angle of embankment fill material on 
the column efficacy is 2.03%. This indicates that a higher stress is transferred to 
columns when the friction angle of fill material is high. The sensitivity of friction 
angle on the column efficacy was high when the friction angles vary from of 320 to 
380. However, the low DOI confirms again that there is no significant change to the 
load transfer mechanism and the arch shape with changing friction angle of the fill 
material. 
 
Figure 10-11: Variation of column efficacy with friction angle of embankment fill 
material  
The effect of elastic modulus of columns on the column efficacy (Figure 10-12) is 
not significant, because, the stiffness of concrete columns in the base case is very 
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large compared to surrounding soft clay. The stiffness ratio between columns and 
soft clay will still remain at very high levels when the column elastic modulus 
changes from 20 GPa to 40 GPa. Therefore, the amount of load concentrated to 
columns does not change significantly, with changing column elastic modulus. For 
the considered range of elastic modulus values of columns, the DOI was 0.19%. 
Therefore the influence of column modulus is not significant on load transfer 
mechanism or the arch shape. 
 
Figure 10-12: Variation of column efficacy with elastic modulus of columns 
Spacing between columns has a significant influence on the column efficacy. As 
shown in Figure 10-13, column efficacy reduces largely with increasing column 
spacing. However, the reduction of column efficacy is not linear with the increasing 
column spacing. The reduction in column efficacy is high at large spacing. Column 
spacing has a high impact on column efficacy with a DOI of 20.23%. Also this DOI 
suggests that the arch shape is not the same for different column spacings. Therefore 
the shape of the arch formation with column spacing is investigated in detail. 
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 Figure 10-13: Variation of column efficacy with column spacing 
The changes in the shape of the soil arch with increasing column spacing are shown 
in Figure 10-14. Both the height and the width of the arch increased with increasing 
column spacing. When the arch is larger, the soil volume beneath the arch that is 
supported by natural soil is also large. Therefore, the proportion of load transfers to 
the columns and hence the column efficacy reduces with increasing column spacing. 
 
Figure 10-14: Shape of the arch with different column spacing 
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Figure 10-15 shows the variation of column efficacy with increasing column 
diameter. When the column diameter increases, the clear spacing between columns 
become smaller. Therefore, more load is transferred to the columns through soil 
arching. The DOI of column diameter on the column efficacy is 11.44%. The high 
DOI suggests the significant influence of column diameter on the load transfer 
mechanism and the arch formation. Therefore the shape of the arch is investigated 
further with increasing column diameter, while keeping the column spacing as a 
constant. Figure 10-16 shows the shape of the soil arch formed in the embankment 
fill, with changing column diameters. The height to the crown of the arches does not 
change significantly with increasing column diameter. However, the width of arch 
reduces with increasing column diameter. Therefore based on these results it can be 
concluded that the column spacing and diameter are the most significant parameters 
governing the shape of the arches formed above columns within the embankment fill 
and hence the load transfer mechanism within a column-supported embankment. 
 
Figure 10-15: Variation of column efficacy with column diameter 
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 Figure 10-16: Shape of the arch with different column diameters 
10.8 Conclusions 
The load transfer mechanism within an embankment supported by a triangular grid 
arrangement of columns was investigated in this chapter using the numerical finite 
element method. First, a detailed investigation on the soil arching within the 
embankment fill was carried out using a 3D numerical model. The 3D model showed 
formation of dome shaped soil arches with approximately constant thickness. 
However, the cross section of the arch was not exactly semi-circular. The arches had 
a crown height of 1.5 m and an invert height of 0.225 m. The thickness of the arch 
was larger than the radius of columns. The large tensile stresses mobilised in 
geosynthetic reinforcement indicate a significant contribution of geosynthetic in load 
transfer mechanism. Highest stresses in the geosynthetic were observed around the 
perimeter of columns. Bands of high tensile stresses were observed along the paths 
connecting adjacent columns. Maximum settlement as well as maximum tension of 
geosynthetic reinforcement was observed midway between the centre and the toe of 
the embankment, about 11.2m distance from the centre.  
A parametric study was carried out to investigate the influence of geosynthetic 
reinforcement, properties of embankment fill material and columns, and column 
configuration on the load transfer mechanism. 2D plane-strain models converted 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
0 0.5 1 1.5 2
He
ig
ht
 fr
om
 th
e 
ba
se
 o
f t
he
 e
m
ba
nk
m
en
t (
m
) 
Distance from the embankment centre (m) 
Diameter=0.6 m
Diameter=0.8 m
Diameter=1 m
Diameter=1.2 m
Diameter=1.5 m
226 
 
based on 2D-EA-3 method were used for the parametric study. The parametric study 
showed that geometrical parameters of the column-improvement such as column 
diameter and column spacing have a greater effect on the efficiency of columns. 
When the column diameter increases, the width of the arch reduces, however, the 
height to the crown of the arch remains a constant. Increase of column spacing 
results in an increase of the height to the crown of the arch as well as the width of the 
arch. These results conclude that the area replacement ratio is the most significant 
parameter, which controls the loads distributed to the columns and the foundation 
soil. Friction angle of the fill material, elastic modulus of columns and tensile 
stiffness of geosynthetic reinforcement do not significantly influence the column 
efficacy. Hence it can be concluded that these parameters do not significantly 
influence the shape of the arch formed above the columns, which govern the amount 
of embankment load transferred to the columns and foundation soil. 
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Chapter 11 
11 Numerical issues in plane-strain and 
3D modelling of DCM column-
supported embankments featuring 
post-yield strain-softening 
11.1 Introduction 
Embankments constructed over soft soil deposits are often improved with vertical 
reinforcement such as reinforced concrete piles, stone columns or Deep Cement 
Mixed (DCM) columns. Conventionally, these embankments are designed assuming 
the improved ground as a uniform soil block with uniform material properties, which 
are computed by averaging the properties of columns and soft soil, based on the area 
replacement ratio.  This method gives a good approximation for the factor of safety 
against slope stability (Zhang et al. 2014). However, it does not yield accurate 
predictions for deformations in the improved ground (Poon and Chan 2013). 
Therefore, numerical models, assigning the properties of columns and the soft soil 
distinctly over the material space are important to predict the performance of 
embankments accurately.   
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Three-dimensional (3D) numerical models as well as two-dimensional plane-strain 
numerical models have been successfully adopted to simulate the performance of 
column-improved embankments (Abusharar and Han 2011; Ariyarathne and 
Liyanapathirana 2015; Bhasi and Rajagopal 2015; Chai et al. 2015; Chan and Poon 
2012; Jamsawang et al. 2016; Liu and Rowe 2016; Shrestha et al. 2015; Tan et al. 
2008; Zhang et al. 2014; Zhuang and Wang 2016). Based on the published literature, 
2D plane-strain models based on the equivalent area approach (2D-EA) gives a better 
agreement with the field measured data and 3D model predictions, compared to other 
conversion techniques (Ariyarathne et al. 2013; Chan and Poon 2012; Tan et al. 
2008). However, none of those studies considered the strain-softening behaviour of 
columns. Chan and Poon (2012) simulated the performance of a stone column-
supported embankment using 3D and 2D-EA finite element models and observed a 
good agreement between 3D model and 2D-EA model predictions. However, in their 
study, the stone columns were modelled considering the elastic-perfectly plastic 
material behaviour. Tan et al. (2008) also conducted 3D and 2D-EA finite element 
simulations of a stone column-supported embankment. The pore water pressures and 
the settlements at the centreline of the embankment observed in 2D-EA model 
agreed well with the 3D model predictions when the column behaviour is assumed to 
be elastic-perfectly plastic. Ariyarathne et al. (2013) conducted a detailed 
comparison between a 3D model and different 2D-EA plane-strain idealizations of a 
reinforced concrete pile-supported embankment where piles were modelled 
considering the elastic material behaviour. Settlements, lateral displacements and 
pore water pressures predicted using 2D-EA model were in good agreement with the 
3D model and field measured data in their study.  The small difference observed 
between 2D-EA and 3D model predictions was assumed to be due to the difference 
in transfer of embankment loads to the piles and column strips through soil arching, 
in the 3D model and 2D-EA model, respectively.  
DCM columns have a lower stiffness compared to stone columns and reinforced 
concrete piles, and experience post-yield strain-softening (Horpibulsuk et al. 2012a; 
Ouhadi et al. 2014; Wijerathna et al. 2016; Yin and Fang 2006). Therefore, 
deformations in the DCM columns are highly sensitive to the stresses developed in 
the columns. As a result, even a small stress difference on columns between 2D-EA 
and 3D models can cause significant differences in the deformations predicted from 
the two models.  
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Chai et al. (2015) analysed a DCM column-supported embankment using 2D-EA and 
3D models assuming the elastic behaviour for the DCM columns. According to their 
observations, the 2D-EA model showed a better agreement with field measured 
settlements than the 3D model. The short-term lateral deformations and bending 
moments developed in the DCM column beneath the toe of the embankment in the 
two models showed a large difference. According to Chai et al. (2015), the observed 
difference may be due to the larger lateral forces encountered by the continuous 
equivalent column walls in the 2D-EA model than those applied on the isolated 
columns in the 3D model.  
Most of the numerical studies for DCM column-supported embankments found in 
the literature were based on elasto-plastic material behaviour for DCM columns (Han 
et al. 2005; Huang and Han 2009; Huang et al. 2009; Jamsawang et al. 2015; 
Jamsawang et al. 2016; Zheng et al. 2009). Only few numerical studies found in the 
literature incorporated the strain-softening behaviour of DCM columns (Yapage et 
al. 2014; Yapage et al. 2015). There were no previous studies comparing the 
performance of a 3D DCM column-supported embankment model with a 2D-EA 
model, incorporating the post-yield strain-softening behaviour of the DCM columns. 
Therefore, in this chapter, numerical model predictions based on a 2D-EA model of a 
DCM column-supported embankment is compared with a 3D model, considering the 
post-peak strain-softening during embankment construction. Both 2D-EA and 3D 
numerical models are based on the embankment case history described in Chapter 5. 
The 2D-EA model of the DCM column-supported embankment was described and 
validated with field measurements in Chapter 5. In this chapter, the embankment is 
modelled using a 3D finite element model, incorporating the strain-softening 
behaviour and the same model parameters for the cemented soil model as used in 
2D-EA model. The numerical predictions from the 2D-EA model and the 3D model 
were compared in terms of settlements, lateral displacements and pore water 
pressures. These results clearly show that there is a significant difference between 
predictions from 2D-EA and 3D models. Reasons for this disagreement were 
investigated in terms of plastic strains developed in the two models and proposals 
were made for the procurement of an equivalent 3D and 2D-EA models with the 
capability to predict the behaviour of a field embankment.  
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11.2 Three-dimensional numerical model 
A 3D numerical model of a 2.6 m wide section of the embankment, with the plan 
view as shown in Figure 5-1(b), was developed using the ABAQUS/standard finite 
element programme. Similar to 2D-EA model, only half of the embankment was 
modelled in the 3D model. The DCM columns beneath the crest of the embankment 
were modelled as square-shaped columns with cross-sectional area equivalent to the 
cross-sectional area of cylindrical columns. This conversion was carried out to get an 
optimum number of elements for the 3D model. The width of the square-shaped 
columns (w), in the 3D model, was calculated as 0.886D, where D is the diameter of 
a column. The DCM wall panels were modelled as rectangular shaped walls with a 
cross-sectional area equal to the area of overlapped DCM columns. The length of the 
rectangular DCM column wall was 11.14 m and the width was 0.7 m.  
A symmetrical boundary condition was assigned to the vertical boundary at the 
centreline of the embankment (X=0). The vertical boundary away from the 
embankment was set at 65 m away from the toe of the embankment (X=95.09 m) and 
the lateral displacement of the vertical boundary was set to zero. Displacements in 
the bottom boundary were restricted in all three directions. The two vertical planes; 
Y=0 and Y=2.6 m in Figure 5-1(b) were assigned symmetrical boundary conditions. 
A zero pore water pressure boundary condition was set at the top surface of the soft 
clay layer.   
The four soil layers and DCM columns below the ground-water table were modelled 
using twenty-node quadratic brick solid elements with reduced integration and pore 
pressure degrees of freedom at corner nodes (C3D20RP). The Top Firm Clay layer, 
the embankment fill and DCM columns above the ground-water table were modelled 
using twenty-node quadratic brick solid elements with reduced-integration and 
without pore pressure degrees of freedom (C3D20R). Material models and the 
material properties used in the 3D model are same as those used in the 2D-EA 
model, which are described in Section 5.3 in Chapter 5. 
11.3 Comparison of numerical models 
Figures 11-1 and 11-2 show results predicted by the numerical models in comparison 
with the field data. As shown in Figure 11-1(a), 2D-EA model with strain-softening 
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behaviour shows a very good agreement with the settlements measured in the field at 
Node A. Field measured data for the lateral displacements near the toe of the 
embankment, plotted in Figure 11-1(b), also shows a reasonable agreement with the 
predictions of the strain-softening incorporated 2D-EA model up to about 230 days. 
However, beyond that the field measured lateral displacements show a sharp drop 
during the consolidation period. This is assumed to be due to an instrument 
malfunction in the field. 
The deformations predicted by the 3D model, with the same material models and 
material properties used in the strain-softening incorporated 2D-EA model, shows a 
large difference from field data as well as from the 2D-EA model predictions. 
However, when the two models were analysed using an elastic material model for 
DCM columns, the results show a very good agreement between the 2D-EA and 3D 
models (Figures 11-1(a) and 11-1(b)). Well agreeing results between 2D-EA and 3D 
models were also obtained by Ariyarathne et al. (2013) for an embankment 
supported on elastic columns. The 3D model and the 2D-EA model were also 
analysed using the Mohr-Coulomb material model for DCM columns, without 
considering the strain-softening behaviour. As shown in Figures 11-1(a) and 11-1(b), 
the settlement and lateral displacement predicted by the 2D-EA and 3D models for 
this case, also show a good agreement. Hence, these results suggest that the 
difference between the performance predicted by the strain-softening incorporated 
2D-EA model and 3D model occurs due to differences in the embankment behaviour 
during the strain-softening of columns. When the columns were modelled as elastic 
or elastic-perfectly plastic material, the two models (2D-EA and 3D) predicted 
similar results, because DCM columns did not subject to strain-softening in these 
models.  
When the deformations predicted by 2D-EA models with and without strain-
softening behaviour are considered, the deformations in the strain-softening 
incorporated 2D-EA model begins to deviate from the 2D-EA model with elastic-
perfectly plastic columns, after the first construction stage (42 days). It indicates that 
the strain-softening of DCM columns, in the strain-softening incorporated 2D-EA 
model, takes place after the first construction stage. However, the deformations 
predicted by 3D models with and without strain-softening behaviour, show a close 
match until the end of second construction stage (92.9 days). The increase in 
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deformations corresponding to the strain-softening of DCM columns in the strain-
softening incorporated 3D model occurs only after the second construction stage. 
This indicates that the strain-softening of DCM columns has delayed in the 3D 
model compared to the corresponding 2D-EA model. As a result, 2D-EA model and 
3D model with strain-softening behaviour do not yield similar results.  
Overall these results indicate that the 2D-EA idealisation and the 3D model predict 
results in agreement with the same set of parameters for the material models if the 
elastic behaviour or elastic-perfectly plastic behaviour is assumed for the columns. 
The reason is that the plastic strains are not relevant for the elastic model. For the 
elastic-perfectly plastic model; yield stress is a parameter independent of the plastic 
strains. However, if the same parameters are used for the softening model used for 
3D and 2D-EA finite element models, results start to deviate when the DCM 
columns start yielding. Therefore, in the next section, the plastic strain development 
in two models was investigated to propose an equivalent set of parameters for the 
two models. 
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 (b) 
Figure 11-1: Comparison of field measured deformations with the numerical model 
results (a) settlement and (b) lateral displacement 
11.4 Plastic strain development in 2D-EA and 3D 
models 
The difference in results predicted by the strain-softening incorporated 2D-EA and 
3D models is investigated using the plastic strain development within the columns. 
The results presented in Figures 11-2 and 11-4 were obtained at a node located at the 
centre of the second DCM column from the centreline of the embankment and at a 
depth of 1 m from the ground surface. The second column was selected to observe 
the plastic strains instead of the centre column, because only half of the centre 
column was modelled in the numerical simulations, due to the symmetry of the 
problem. A depth of 1 m was selected because the columns started to yield at this 
depth, in both 2D-EA and 3D models.  
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First, the variations of plastic strain components in the 2D-EA and 3D models 
without incorporating strain-softening behaviour were studied. Figure 11-2 shows 
plastic strain components in the 2D-EA and 3D models in X, Y and Z directions. The 
vertical components of plastic strain (in the Z direction) in the 2D-EA model and 3D 
model are similar when columns behave as elastic-perfectly plastic. In the 2D-EA 
plane-strain model, plastic strain in the Y direction is almost zero. Plastic strain in 
the X direction in the 2D-EA model is comparatively large. However, the 3D model 
shows equal plastic strains in both X and Y directions. The magnitudes of the plastic 
strains in X and Y directions in the 3D model are approximately equal to half of the 
plastic strains in the X direction of the 2D-EA model. Therefore, plastic volumetric 
strains in 2D-EA and 3D models are the same. Since the plastic strain components in 
X and Y directions are different in 2D-EA and 3D models, the plastic deviatoric 
strains in the two models are significantly different. 
 
Figure 11-2: Plastic strain components in X,Y and Z directions without strain-
softening: 2D-EA and 3D 
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 Figure 11-3: Plastic deviatoric strains without strain-softening. 
Figure 11-3 shows the plastic deviatoric strains computed for the two models. It is 
clear that the post yield plastic strains developed in the 3D model are significantly 
lower than those developed in the 2D-EA model. The equation for the ratio between 
plastic deviatoric strains in the 2D, , and 3D, ( ) Dpd 3ε , models is given by, 
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If the final plastic strains in Figure 11-2 and plastic shear strain components were 
substituted to the above equation, the ratio will be nearly 2 and it is confirmed by the 
deviatoric strain plots from the two models as shown in Figure 11-3 as well. If the 
development of plastic deviatoric strains is compared, 3D model starts to yield 
before the 2D-EA model, because the stress acting on top of a column in 3D model is 
higher than that developed over a column wall in the 2D-EA model. However, the 
rate of development of plastic deviatoric strains is slow in the 3D model compared to 
the 2D-EA model. 
Based on the above discussion, it is clear that the peak and residual plastic strain 
limits for the 3D model should be reduced by the ratio given by Equation 11.1 in 
order to obtain an equivalent plastic strain development from both 2D-EA and 3D 
models.  Figure 11-1(a) and Figure 11-1(b) show that the settlement and lateral 
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deformation distributions from the modified 3D model with the halved plastic 
deviatoric strain limits (at peak and residual) and they show a good agreement with 
field measurements, 2D-EA and 3D models. Also it should be noted here that since 
the plastic deviatoric strain corresponding to the peak is very small, results will not 
change significantly even if it is set at zero. However, the plastic deviatoric strain 
corresponding to the residual state is the important parameter to be modified. 
Figure 11-4 shows the variation of plastic deviatoric strain for the strain-softening 
incorporated 2D-EA model, 3D model and the modified 3D model. The magnitude 
of plastic deviatoric strains, when considering strain-softening behaviour of DCM 
columns, is significantly large compared to those given by the model without 
incorporating strain-softening, due to the reduction of DCM column strength during 
the strain-softening. The variation of plastic deviatoric strain shows closer final 
plastic strain magnitudes between 2D-EA model and 3D model with residual plastic 
strain of 0.12. However, the matching results for displacements were observed only 
for the 2D-EA model and the modified 3D model.   
The 2D-EA and modified 3D models show similar rate of plastic strain development 
initially, although the final plastic deviatoric strains are significantly different for 
these two cases. Hence, during the period of strain-softening, the plastic deviatoric 
strain increment in the two models (2D-EA model and the modified 3D model) is 
similar, as illustrated in Figure 11-4. Once the plastic deviatoric strain in columns 
reached the residual plastic strain, the column strength will become a constant 
because the strength reaches the residual, even though plastic strains increase further. 
Therefore, to obtain matching results between 2D-EA and 3D models, equal rates of 
increase of plastic deviatoric strains during the period of strain-softening is more 
important than achieving similar final plastic deviatoric strains. 
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 Figure 11-4: Plastic strain components in 2D-EA model and 3D models with strain-
softening behaviour  
Figure 11-5 shows the variation of vertical stresses over the second DCM column 
from the centreline of the embankment, in the 2D-EA and 3D models without strain-
softening behaviour and 2D-EA, 3D and modified 3D models with strain-softening 
behaviour. The vertical stresses on the DCM column in the 2D-EA model and 3D 
model are similar when the strain-softening behaviour is not incorporated. Vertical 
stress over the column in the 2D-EA model, 3D model and modified 3D model when 
considering strain-softening behaviour are also similar during the first construction 
stage, before the development of large plastic strains in the columns. It shows that 
vertical stresses over DCM columns in the 2D-EA and 3D models are similar 
although the load transfer mechanisms are different in 2D-EA and 3D models. 
Therefore, the observed differences in plastic strains in DCM columns between the 
2D-EA and 3D models are not due to different load transfer mechanisms within the 
embankment fill in 2D-EA and 3D models. Vertical stresses over DCM columns 
showed differences between 2D-EA and 3D models only after occurring strain-
softening in the DCM columns.  
Due to comparatively large plastic deviatoric strain in the 2D-EA model, a faster 
strain-softening is observed in the 2D-EA model, compared to the 3D model. The 
rate of strain-softening in the 3D model can be increased to match the 2D-EA model 
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by specifying a lower residual plastic deviatoric strain in the strain-softening 
incorporated constitutive material model used in the 3D model. For the embankment 
discussed in this study, the 3D model with a residual plastic strain of 0.06 was 
comparable with the 2D-EA plane-strain model with a residual plastic strain of 0.12. 
These results suggest that the parameters of the strain-softening incorporated 
material model should be modified accordingly, when the numerical models are 
converted between 3D and 2D-EA. 
 
Figure 11-5: Effective vertical stresses over the second column from the centreline of 
the embankment 
11.5 Conclusions 
The compatibility of a simplified 2D-EA plane-strain model and a 3D model of a 
DCM column-supported embankment, that experienced post-yield softening of 
columns, was investigated in this chapter. Simulations were carried out with and 
without considering the strain-softening behaviour of DCM columns. The 2D-EA 
and 3D model results matched well when the DCM column behaviour was assumed 
as elastic or elastic perfectly plastic, without considering the strain-softening 
behaviour. However, the 3D model and 2D-EA model predictions did not match well 
when the strain-softening behaviour of DCM columns is incorporated. This is due to 
the difference in rates of strain-softening in DCM columns in 2D-EA and 3D models. 
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In the 2D-EA model, plastic strains in DCM columns developed faster than in the 3D 
model resulting faster strain-softening of DCM columns. To obtain good agreement 
between the 2D-EA and 3D models, the variation of DCM column strength against 
plastic deviatoric strain in the strain-softening incorporated constitutive material 
model should be modified when the 3D model is converted into an equivalent 2D-
EA model or vice versa. This can be achieved by reducing the plastic deviatoric 
strain corresponding to residual strength of DCM columns in the 3D model using the 
proposed ratio of plastic deviatoric strains obtained considering an elastic perfectly 
plastic material model for DCM columns in 2D-EA and 3D models. 
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Chapter 12 
12 Conclusions and Recommendations 
Soft ground improvement using DCM columns is a sustainable, time-saving and 
economical alternative to ground improvement using consolidation based methods or 
pile foundations. Although ground improvement using DCM columns has many 
advantages, the design of DCM column-improved embankments can be challenging 
due to the variability of mechanical properties of the improved ground. In the usual 
practice, DCM improvements are over-designed to assure the safety. However, 
adopting large overdesign factors does not necessarily increase the reliability levels 
of the embankments. Un-anticipated failure modes and localised failure can occur in 
DCM column-improved ground even when the foundation is overdesigned. These 
drawbacks can be overcome by conducting reliability based performance analyses 
alongside the deterministic design.  
In this thesis, the behaviour of DCM column-supported embankments was studied 
using both deterministic and probabilistic analysis approaches. The studies were 
carried out using two-dimensional and three-dimensional numerical models 
developed using the ABAQUS/Standard finite element program. The performance of 
embankments improved with different DCM column configurations such as 
individual DCM columns, DCM wall panels, DCM columns with geosynthetic 
reinforcement and T-shaped DCM columns were evaluated in this research 
considering the strain-softening behaviour under deterministic conditions. Reliability 
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analysis was conducted for embankments improved with individual DCM columns 
and geosynthetic reinforcement, and DCM wall panels beneath the side slopes while 
incorporating spatial variability and strain-softening behaviour. The reliability 
performance of the embankments was evaluated using the Monte Carlo method. 
Finally, the load transfer mechanism within the embankment fill layers, where DCM 
columns were installed in a triangular arrangement was investigated using 2D and 
3D numerical models. The findings of this research and its contribution to the current 
knowledge base are addressed in this chapter. 
12.1 Conclusions of the research 
The major conclusions yielded from the research work presented in each chapter in 
the thesis are summarized below.  
• The strain-softening incorporated constitutive model used in this study for 
DCM columns, which is an extended version of the Mohr-Coulomb material 
model, simulated the consolidation behaviour of cement mixed Bangkok 
clay satisfactorily, before and after the strain-softening of DCM column.  
• The DCM column-improved ground consolidates faster than an un-
improved ground because the larger stiffness of cement-soil columns attract 
more stresses onto the columns and reduces the final consolidation 
settlement. The pore water pressure dissipation rate of the improved ground 
is significantly affected by the permeability of DCM columns. 
• The consolidation rate of DCM column-improved ground becomes slower 
after DCM columns subject to strain-softening, compared to the pre-failure 
consolidation rate.  
• Stress concentration over DCM columns in the composite ground increases 
with the progression of consolidation. However, the stress transfer occurs 
between the effective vertical stress components in the surrounding soil and 
DCM columns. Stress concentration is not affected by the pore water 
pressures either in the natural soil or in the DCM column. 
• The effective stress increment in each material in a DCM column-improved 
composite ground is different to the pore water pressure dissipation in the 
same material. This occurs due to the effective stress transfer between DCM 
columns and natural soil during consolidation period. 
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• An analytical solution for the consolidation of DCM column-improved 
ground, that considers the effects of vertical consolidation of both DCM soil 
and natural soil, lateral drainage of pore water from the natural soil to DCM 
column and different permeabilities of DCM soil and natural soil, was 
proposed. The limitations of the derived analytical solution are; the 
assumption of equal strain condition at the ground surface and installation of 
DCM columns to the full depth of the soft soil layer. The proposed model 
requires only limited number of parameters, which can be easily obtained 
using laboratory experiments. 
• 2D-EA model captures the behaviour of DCM column-improved 
embankments well, compared to Plane-strain model based on 2D-EP 
method, axisymmetric unit cell model and 3D unit cell model, when there is 
a likelihood of column failure. 
• The soil arches formed in the embankment fill in the 2D-EA model, 2D-EP 
model, axisymmetric unit cell model and 3D unit cell model showed 
approximately similar crown heights. However, the invert of the arch was 
clearly observed only in the 2D-EA model. 
• The effective vertical stresses on DCM columns reduced and the effective 
vertical stresses on surrounding soil increased during strain-softening of 
DCM columns. However, the characteristics of the soil arches such as 
height to the crown of the arch and thickness of the arch were not changed 
due to strain-softening.  
• T-shaped DCM columns reduce overall settlements, differential settlements 
and lateral deformations of embankments compared to conventional uniform 
DCM column-improved ground. T-shaped DCM column also shows faster 
consolidation compared to uniform DCM column-improved ground.  
• T-shaped DCM column-improved embankments show better performance 
than DCM wall panel improved ground and geosynthetic reinforced DCM 
column-improved ground.  
• Geosynthetic reinforcement is less effective when used with T-shaped DCM 
columns due to low tensile stresses developed in the geosynthetic compared 
to DCM columns with uniform cross section.  
• A DCM column-improved embankment, which is safe according to the 
deterministic design criteria, can still be unsatisfactory according to 
243 
 
reliability criteria, due to spatial variability of strength properties of DCM 
columns.  
• A reliability-based performance analysis of a DCM column-improved 
embankment was carried out considering spatial variability and strain-
softening behaviour of DCM columns. The probability of unsatisfactory 
performance of the DCM column-improved embankment reduces with 
increasing PFOS and decreasing COV.  
• The spatial variability was incorporated to the numerical model in three 
different scales; no spatial variability but strength varying between Monte 
Carlo realisations (Condition 1), Uniform strength within columns but 
varying between columns (Condition 2) and strength varying within 
columns and between columns (Condition 3). The variability Condition 1 
predicted the lowest reliability levels out of the three variability conditions. 
Therefore, variability Condition 1 can be used to assess the reliability of the 
embankment at the preliminary stage of a design. The probability of 
unsatisfactory performance under Condition 1 can be directly calculated 
using the 1D probabilistic method without conducting Monte Carlo 
simulations.  
• More accurate predictions for the probability of unsatisfactory performance 
were obtained using Monte Carlo simulations with variability condition 3. 
According to the reliability analyses using Condition 3, the reliability level 
of the embankment changes with the spatial correlation length. The spatial 
correlation length corresponding to most critical reliability level varies 
depending on the COV and PFOS. 
• When embankments are improved with DCM wall panels beneath the 
slopes, the failure mode of the embankment varies depending on the elastic 
modulus of DCM wall. With increasing elastic modulus, the failure mode 
shifted from bending failure to tilting failure. Within the range of elastic 
modulus values corresponding to bending failure mode, the maximum 
lateral deformations beneath the toe of the embankment reduced and the 
depth to the point of maximum lateral deformation increased with increasing 
elastic modulus.  
• Lateral deformations beneath the toe of the embankment decreased with 
increasing width of the DCM wall. However, when the width of the DCM 
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wall is larger than the length of the slope of the embankment, the change in 
lateral deformation with respect to the wall width was less significant.  
• The 3D model results with different spacing of the DCM walls indicated 
that the embankment loads were effectively concentrated onto DCM wall 
panels for all wall spacings considered. Therefore, the soil extrusion type 
failure was not observed in the soil in between the DCM wall panels.  
• Improving the embankments with DCM wall panels beneath the slopes of 
the embankments reduced the lateral deformations significantly. It also 
reduced the settlements beneath the side slopes of the embankment. 
Geosynthetic reinforcement was not effective when used with DCM wall 
panels.  
• Strain-softening did not occur in the DCM wall panels, even at small elastic 
modulus and cohesion values. This is because the DCM wall panel act as a 
large, single element and the loads transferred to the wall redistributes 
within the wall effectively.  
• Reliability analyses of the DCM wall improved embankment was carried 
out assuming two variability conditions; uniform strength within the DCM 
wall but varying among the different realisations of Monte Carlo 
simulations and spatially varying strength within a DCM panel as well as 
among the Monte Carlo realisations. Although all the analysed cases were 
safe under deterministic criteria, the reliability levels of the embankment 
were unacceptably high for some analysis cases.   
• More critical probabilities of unsatisfactory performance were given by the 
reliability analyses that considered spatial variability within the DCM walls. 
This emphasises the importance of incorporating spatial variability 
characteristics in reliability analyses rather than average mechanical 
properties of the wall. The probabilities of unsatisfactory performance were 
most critical when the spatial correlation distance was 0.18 times the width 
of the DCM wall.  
• Probabilities of unsatisfactory performance of the DCM wall improved 
embankment also increased with increasing COV and decreasing PFOS. 
• Efforts were taken to identify the distribution patterns in the deformation 
data obtained from Monte Carlo simulations. However, the data did not 
show a good fit with either normal distribution or lognormal distribution. 
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According to the trends observed in the lateral deformation data, the upper 
bound and the span of the distribution increased with increasing spatial 
correlation length and COV. PFOS of the input data did not affect the upper 
and lower boundaries of the lateral deformation data. However, the 
skewness of the deformation distribution shifted to the left with increasing 
PFOS.  
• An embankment supported by a triangular grid of columns and a 
geosynthetic layer was numerically simulated to study the load transfer 
mechanism over the triangular arrangement of DCM columns. Dome-shaped 
soil arches with approximately constant thickness were formed within the 
embankment fill connecting three adjacent columns. The shape of the dome 
was taller than the height of a hemispherical dome and the thickness of the 
arch was larger than the radius of the DCM columns.  
• Large tensile stresses were mobilised in the geosynthetic layer. This 
indicates that the geosynthetic reinforcement was effective in the load 
transfer mechanism when columns are arranged in a triangular column grid. 
Large tensile stresses were observed around the perimeter of columns and 
along the paths connecting adjacent columns. The geosynthetic tension was 
largest at the location with the maximum settlement.  
• The triangular grid of columns in the 3D space was successfully converted 
to a 2D plane-strain model based on 2D-EA-3 approach. In the 2D-EA-3 
method, the triangular arrangement of columns was first converted to a 
square arrangement of columns based on the area replacement ratio and the 
square arrangement of columns was then converted to a plane-strain model. 
The settlements, lateral deformations, vertical stresses and geosynthetic 
tension in the 3D ground were well captured by the 2D-EA-3 model. The 
parametric study carried out using the 2D plane-strain model showed that 
the efficiency of columns is mainly affected by the geometrical parameters 
such as column diameter and column spacing. The mechanical parameters 
such as friction angle of the fill material, the elastic modulus of columns and 
tensile stiffness of geosynthetic reinforcement have less influence on the 
column efficacy. 
• The plastic deviatoric strains predicted by a 3D model and a 2D model are 
different due to zero strains in the 2D model in the direction transverse to 
246 
 
the plane of the model. Therefore, the plastic deviatoric strains in the strain-
softening incorporated material model corresponding to the peak and 
residual states should be modified accordingly when the numerical models 
are transferred from a 3D model to a 2D model. 
12.2 Recommendations for future work 
• An analytical solution was proposed in this thesis to evaluate the 
consolidation performance of DCM column-improved composite ground. 
This equation was verified using numerical and physical model results for 
DCM column-improved Bangkok clay. The analytical model should be 
further verified using physical model results with different clay types and 
different permeability ratios. Furthermore, this model was proposed for end-
bearing DCM columns. This model can be improved to address the 
conditions of floating column-improved ground.  
• T-shaped column-improved embankments were proved to have high bearing 
capacity, high lateral load resistance and faster consolidation performance 
compared to conventional DCM column-improved embankments. Further 
research on load transfer mechanism within the embankment and within the 
improved ground in non-uniform columns such as T-shaped DCM columns, 
should be investigated. With this understanding, the shape of the columns 
(height of the column heads, column spacing) can be optimised in the design.  
• This thesis presented a comparison of the performance of embankments 
improved with different DCM column configurations. According to the 
results, the order of efficiency starting from the most efficient to the leas 
efficient was given by the T-shaped DCM column-improved ground, uniform 
DCM columns and DCM wall combination, uniform DCM columns and 
geosynthetic, and uniform DCM columns. However, this comparison was 
conducted considering only the engineering performance of the embankment. 
A detailed cost comparison is also important to accurately determine the 
suitability of each design option for field applications.  
• The reliability analyses conducted in this thesis, for a DCM column-improved 
embankment, showed that the reliability levels were most critical under 
variability condition 1 that did not incorporate spatial variability. The 
reliability level was most critical in DCM wall improved embankment when 
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spatial variability characteristics were incorporated. This shows that the 
significance of spatial variability characteristics on the embankment 
reliability changes with the column configuration. Therefore, reliability 
studies with different column configurations such as T-shaped DCM 
columns, DCM columns and wall combination and grid type improvement 
should be carried out separately. 
• Reliability analysis using Monte Carlo method is very time consuming and 
requires a lot of programming and data analysis. Therefore, this method 
cannot be easily used in the industrial practice. Simple analytical methods 
should be proposed to predict the reliability levels of DCM column-improved 
embankments, at the design stage, considering the improvement geometry, 
expected spatial correlation lengths and PFOS. In order to achieve this, 
further parametric reliability analysis should be carried out with changing 
embankment geometry, column configuration and spatial variability 
conditions.  
• Certain trends in the deformation data generated from the Monte Carlo 
simulations were identified in Chapter 10. However, the distributions did not 
fit well with the normal or lognormal probability distributions. Further 
investigations are recommended to investigate the fitness of the data to other 
probability distributions. For example: Beta distribution and Student’s T 
Distribution. 
• Load transfer mechanism taken place in a triangular arrangement of grid of 
columns was investigated in this thesis in Chapter 11. It would also be a 
valuable insight if the effectiveness of load transfer is compared between the 
square arrangement of columns and a triangular arrangement of columns with 
similar area replacement ratios.  
12.3 Concluding remarks 
This thesis presented a comprehensive study of the deterministic and reliability based 
performance of embankments improved with deep cement mixing technology. 
Deterministic analysis was carried out for embankments improved with different 
column configurations such as uniform DCM columns, uniform DCM columns with 
geosynthetic reinforcement, DCM columns and wall panel combinations, T-shaped 
DCM columns and T-shaped DCM columns with geosynthetic reinforcement, 
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considering the strain-softening behaviour of DCM columns. Ground deformations, 
column efficiency and load transfer mechanism in the embankments with different 
column configurations were studied before and after the strain-softening of DCM 
columns. Reliability analyses were carried out for a DCM column-improved 
embankment and DCM wall-improved embankment beneath the side slopes, 
considering both strain-softening behaviour and spatial variability. Parametric 
studies were conducted with varying degree of variability, coefficient of variation 
and PFOS. Finally, the load transfer mechanism in triangular arrangement of DCM 
columns was studied. 
The reliability analysis conducted in this study showed that the reliability of a DCM 
column or wall improved embankment cannot be assured only by conducting 
deterministic analysis. Furthermore, adopting a large over design factor does not 
necessarily improve the reliability of such embankment. Even though the mean 
strength of DCM columns is large, if the variability and spatial correlation distance 
of the strength field are large, it is possible to have failure modes with small factor of 
safety. A reliability analysis assists designers and construction contractors to 
understand the allowable COV, correlation distance and mean strength combinations 
that yield a sufficient safety factor for the embankment.   
Accordingly, the outcomes of this study will be highly useful for practising 
geotechnical engineers to achieve reliable and efficient designs. It is also important 
for quality controlling of DCM improved ground. The findings will be beneficial to 
all countries that practice DCM technology including Australia. 
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A. Appendices 
Appendix A 
(a) User Defined Field subroutine (USDFLD) used to read the plastic deviatoric 
strains for the constitutive material model for DCM soil 
subroutine usdfld(field,statev,pnewdt,direct,t,celent,time,dtime, 
     1 cmname,orname,nfield,nstatv,noel,npt,layer,kspt,kstep,kinc, 
     2 ndi,nshr,coord,jmac,jmtyp,matlayo,laccflg) 
C 
      include 'aba_param.inc' 
C 
      character*80 cmname,orname 
      character*8  flgray(15) 
      dimension field(nfield),statev(nstatv),direct(3,3),t(3,3),time(2), 
     & coord(*),jmac(*),jmtyp(*) 
      dimension array(15),jarray(15) 
      call getvrm('PE',array,jarray,flgray,jrcd, 
     &jmac, jmtyp, matlayo, laccflg) 
      field(1)=abs(array(8)) 
      WRITE(*,*)'field(1)=',field(1) 
      WRITE (*,*)'PE8=', array(8) 
C     If error, write comment to .DAT file: 
      IF(JRCD.NE.0)THEN 
       WRITE(6,*) 'REQUEST ERROR IN USDFLD FOR ELEMENT NUMBER ', 
     & NOEL,'INTEGRATION POINT NUMBER ',NPT 
      ENDIF 
C 
      return 
      end 
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Appendix B 
(a) MATLAB script used to generate ABAQUS input files with spatially variable 
material properties for the reliability analysis of DCM column improved 
embankment in Chapter 8, considering variability Condition 1. 
%=================================================================== 
% PARAMETERS TO BE SET 
%------------------------------------------------------------------------------------------------------------- 
N=1500;   % Needed number of generated values 
mu=4.9675;  % mean of the normal distribution, when that of lognormal 
distribution C=100 kPa 
sigma=0.2936;  % standard deviation of the normal distribution 
corresponding to a lognormal distribution having COV of 0.3  
%=================================================================== 
i = 1; 
while i<= N  
    filename = ['new-',num2str(i),'.inp']; 
    fa=fopen('job-2.inp','r'); 
    fo=fopen(filename,'w'); 
    temp_line = fgets(fa); 
    found1 = 0; 
    found2 = 0; 
     while(ischar(temp_line)) 
       if length(temp_line) > 7 && (found1 < 1) 
          search_string = temp_line(1:8); 
            if strcmp('*Elastic',temp_line(1:8)) == 1 
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    Cdcm=lognrnd(mu, sigma); 
                Edcm= Cdcm *400; 
                found1=found1 + 1; 
                fgets(fa); 
                s1=sprintf('%4.2f, 0.3',Edcm); 
                fprintf(fo,'%s\n',s1); 
            end 
       end 
       if length(temp_line) > 22 && (found2 < 1) 
          search_string = temp_line(1:23); 
            if strcmp('*Mohr Coulomb Hardening',temp_line(1:23)) == 1 
                found2=found2 + 1; 
                fgets(fa); 
                s2=sprintf('%4.2f, 0, , 0', Cdcm); 
                fprintf(fo,'%s\n',s2); 
                s3=sprintf('%4.2f, 0, , 0.02', Cdcm); 
                fprintf(fo,'%s\n',s3); 
                s4=sprintf('%4.2f, 0, , 0.12',( Cdcm /2)); 
                fprintf(fo,'%s\n',s4); 
                s5=sprintf('%4.2f, 0, , 10',( Cdcm /2)); 
                fprintf(fo,'%s\n',s5); 
            end 
       end     
 
       temp_line = fgets(fa); 
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       fprintf(fo, '%s',temp_line); 
    end 
 
    fclose(fo); 
    fclose(fa); 
    i=i+1;   
end; 
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(b) MATLAB script used to generate ABAQUS input files with spatially variable 
material properties for the reliability analysis of DCM column improved 
embankment in Chapter 8, considering variability Condition 2 
%=================================================================== 
%PARAMETERS TO BE SET 
%------------------------------------------------------------------------------------------------------------- 
N=1500;  % Needed number of generated values 
mu=4.5621;  % mean of the normal distribution, when that of lognormal 
distribution C=100 kPa 
sigma=0.2936; % standard deviation of the normal distribution corresponding to a 
lognormal distribution having COV of 0.5  
%=================================================================== 
i= 1; 
C=100; 
while i<= N  
    filename = ['new',num2str(i),'.inp']; 
    fi=fopen('job-2.inp','r'); 
    fo=fopen(filename,'w'); 
    temp_line = fgets(fi); 
    found1 = 0; 
    found2 = 0; 
    %found3 = 0; 
    j=1; 
    fprintf(flog,'%4.0f ',i); 
 %  Modify parameters 
 %------------------------------------------------------------------------------------------------------------ 
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    while(ischar(temp_line)) 
    if j<=33; 
       if length(temp_line) > 7 && (found1 < j) 
          search_string = temp_line(1:8); 
            if strcmp('*Elastic',temp_line(1:8)) == 1 
                Cdcm=lognrnd(mu, sigma); 
                Edcm=Cdcm*400; 
                %Pdcm=(27+((Cdcm-C)*0.02)); 
                found1=found1 + 1; 
                fgets(fi); 
                s1=sprintf('%4.2f, 0.3',Edcm); 
                fprintf(fo,'%s\n',s1); 
            end 
       end 
       if length(temp_line) > 22 && (found2 < j) 
          search_string = temp_line(1:23); 
            if strcmp('*Mohr Coulomb Hardening',temp_line(1:23)) == 1 
                found2=found2 + 1; 
                fgets(fi); 
                s2=sprintf('%4.2f, 0, , 0',Cdcm); 
                fprintf(fo,'%s\n',s2); 
                s3=sprintf('%4.2f, 0, , 0.02',Cdcm); 
                fprintf(fo,'%s\n',s3); 
                s4=sprintf('%4.2f, 0, , 0.12',(Cdcm/2)); 
                fprintf(fo,'%s\n',s4); 
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                s5=sprintf('%4.2f, 0, , 10',(Cdcm/2)); 
                fprintf(fo,'%s\n',s5); 
                fprintf(flog,'%4.2f ',Cdcm); 
                j=j+1;  
            end 
       end       
    end 
      temp_line=fgets(fi); 
       fprintf(fo, '%s',temp_line); 
    end 
    fclose(fo); 
    fclose(fi); 
    i=i+1;   
end; 
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(c) MATLAB script used to generate ABAQUS input files with spatially variable 
material properties for the reliability analysis of DCM column improved 
embankment in Chapter 8, considering variability Condition 3 
 
%------------------------------------------------------------------------------------------------------------- 
N=1500;                    % Number of MC iterations 
D=nodes; 
mu=5.5922; 
si=0.4724; 
L=4;            % Autocorrelation distance 
C=exp (-D/L);   % Correlation function C 
K= chol(C);     % Cholesky matrix K 
G=zeros(9,1,33); 
 
%% Generation of input files, run the files and extract results 
%------------------------------------------------------------------------------------------------------------- 
n=1; 
while n<=N  % 2000 iterations 
R=normrnd (0,1,297,1);  % normal random variable matrix 
i=1; 
    for i=1:33; % iterations for each column 
        A=9*(i-1)+1; 
        B=9*i; 
        %prperties=['G',num2str(i)] 
                G(:,:,i)=K*R(A:B);                  % Random component of the correlation 
        j=1; 
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        while j<10 
            if G(j,1,i)<(-4); 
                G(j,1,i)=(-4); % To prevent very small values 
            end 
            if G(j,1,i)>4; 
                G(j,1,i)=4;   % To prevent very large values 
            end 
        j=j+1; 
        end        
    i=i+1; 
    end 
        M=exp(mu+si*G); % material properties at each node 
 
% writing properties in the .inp file 
%------------------------------------------------------------------------------------------------------------- 
    filename = ['new-',num2str(n),'.inp']; 
    fa=fopen('job-2.inp','r'); 
    fo=fopen(filename,'w'); 
    temp_line = fgets(fa); 
    found1 = 0; 
    found2 = 0; 
    j=1; 
     while(ischar(temp_line)) 
    if j<=297; 
       if length(temp_line) > 7 && (found1 < j) 
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          search_string = temp_line(1:8); 
            if strcmp('*Elastic',temp_line(1:8)) == 1 
                Edcm=M(j)*400; 
                found1=found1 + 1; 
                fgets(fa); 
                s1=sprintf('%4.2f, 0.3',Edcm); 
                fprintf(fo,'%s\n',s1); 
            end 
       end 
        
       if length(temp_line) > 22 && (found2 < j) 
          search_string = temp_line(1:23); 
            if strcmp('*Mohr Coulomb Hardening',temp_line(1:23)) == 1 
                found2=found2 + 1; 
                fgets(fa); 
                s2=sprintf('%4.2f, 0, , 0',M(j)); 
                fprintf(fo,'%s\n',s2); 
                s3=sprintf('%4.2f, 0, , 0.02',M(j)); 
                fprintf(fo,'%s\n',s3); 
                s4=sprintf('%4.2f, 0, , 0.12',(M(j)/2)); 
                fprintf(fo,'%s\n',s4); 
                s5=sprintf('%4.2f, 0, , 10',(M(j)/2)); 
                fprintf(fo,'%s\n',s5); 
               % fprintf(flog,'%4.2f ',G(j)); 
                j=j+1;  
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            end 
       end 
            
     end 
     
       temp_line = fgets(fa); 
       fprintf(fo, '%s',temp_line); 
    end 
     
    fclose(fo); 
    fclose(fa); 
 
  n=n+1; 
end 
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Appendix C 
(a) MATLAB script used to generate ABAQUS input files with spatially variable 
material properties for the reliability analysis of DCM wall improved 
embankment in Chapter 10, assuming infinite correlation length 
%=================================================================== 
% PARAMETERS TO BE SET 
%------------------------------------------------------------------------------------------------------------- 
N=1500;   % Needed number of generated values 
mu=4.9675;  % mean of the normal distribution, when that of lognormal 
distribution C=100 kPa 
sigma=0.2936;  % standard deviation of the normal distribution 
corresponding to a lognormal distribution having COV of 0.3  
%=================================================================== 
i = 1; 
while i<= N  
    filename = ['new-',num2str(i),'.inp']; 
    fa=fopen('job-2.inp','r'); 
    fo=fopen(filename,'w'); 
    temp_line = fgets(fa); 
    found1 = 0; 
    found2 = 0; 
     while(ischar(temp_line)) 
       if length(temp_line) > 7 && (found1 < 1) 
          search_string = temp_line(1:8); 
            if strcmp('*Elastic',temp_line(1:8)) == 1 
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    Cdcm=lognrnd(mu, sigma); 
                Edcm= Cdcm *400; 
                found1=found1 + 1; 
                fgets(fa); 
                s1=sprintf('%4.2f, 0.3',Edcm); 
                fprintf(fo,'%s\n',s1); 
            end 
       end 
       if length(temp_line) > 22 && (found2 < 1) 
          search_string = temp_line(1:23); 
            if strcmp('*Mohr Coulomb Hardening',temp_line(1:23)) == 1 
                found2=found2 + 1; 
                fgets(fa); 
                s2=sprintf('%4.2f, 0, , 0', Cdcm); 
                fprintf(fo,'%s\n',s2); 
                s3=sprintf('%4.2f, 0, , 0.02', Cdcm); 
                fprintf(fo,'%s\n',s3); 
                s4=sprintf('%4.2f, 0, , 0.12',( Cdcm /2)); 
                fprintf(fo,'%s\n',s4); 
                s5=sprintf('%4.2f, 0, , 10',( Cdcm /2)); 
                fprintf(fo,'%s\n',s5); 
            end 
       end     
       temp_line = fgets(fa); 
       fprintf(fo, '%s',temp_line); 
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    end 
    fclose(fo); 
    fclose(fa); 
    i=i+1;   
end; 
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(b) MATLAB script used to generate ABAQUS input files with spatially variable 
material properties for the reliability analysis of DCM wall improved 
embankment in Chapter 10, finite spatial correlation length 
%---------------------------------------------------------------------------------------------------- 
%% Develop ND,B and E matrices 
%------------------------------------------------------------------------------------------------------------- 
ND = zeros(1,1405);     %ND = node numbers matrix 
B=zeros(1,1405);         % B= matrix of X coordinates 
E=zeros(1,1405);         % E= matrix of Y coordinates 
D=zeros(1405,1405); 
N=1500;                     % Number of MC iterations 
i=1; 
p=1406;                  % Number of nodes+1 
mu=5.5922; 
si=0.4724; 
 
% nodes 
%------------------------------------------------------------------------------------------------------------- 
fi=fopen('node.inp','r'); 
while i<p  
    a_line = fgets(fi); 
    ND(1,i)= str2double(a_line); 
    i=i+1; 
end 
fclose(fi); 
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% coordinates 
%------------------------------------------------------------------------------------------------------------- 
fa=fopen('code.txt','r'); 
i=1;    
while ~feof(fa) 
    b_line = fgets(fa); 
    if i<1406 && ND(1,i)== str2double(b_line(1:4)); 
       B(1,i)= str2double(b_line(6:10)); 
       E(1,i)= str2double(b_line(12:16)); 
       i=i+1; 
    end 
end 
fclose(fa); 
 
% Calculate distance 
%------------------------------------------------------------------------------------------------------------- 
j=1; 
while j<p 
    k=1;    
    while k<p 
         F =(B(j)-B(k))^2 +(E(j)-E(k))^2; 
        D(j,k)= sqrt(F); 
       k=k+1; 
    end 
    j=j+1; 
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end 
L=2;            % Autocorrelation distance 
C=exp (-D/L);   % Correlation function C 
K= chol(C);     % Cholesky matrix K 
 
%% Generation of input files, run the files and extract results 
%------------------------------------------------------------------------------------------------------------- 
n=1; 
while n<=N 
R=normrnd (0,1,p-1,1);  % normal random variable matrix 
G=K*R;                      % Random component of the correlation 
j=1; 
    while j<p 
        if G(j,1)<(-4); 
            G(j,1)=(-4); % To prevent very small values 
        end 
        if G(j,1)>4; 
            G(j,1)=4;   % To prevent very large values 
        end 
        j=j+1; 
    end     
M=exp(mu+si*G); % material properties at each node 
 
% writing properties in the .inp file 
%------------------------------------------------------------------------------------------------------------- 
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    filename = ['new-',num2str(n),'.inp']; 
    fa=fopen('job-5.inp','r'); 
    fo=fopen(filename,'w'); 
    temp_line = fgets(fa); 
    found1 = 0; 
    i=1; 
    Tmin = 20; %min(M)- 20=Eclay/250, to keep dcm strength larger than clay 
properties 
    Tmax = max(M);  
     while(ischar(temp_line)) 
      if length(temp_line) > 7 && (found1 < 1) 
          search_string = temp_line(1:8); 
            if strcmp('*Elastic',temp_line(1:8)) == 1 
                found1 = found1 + 1; 
                fgets(fa); 
                Emin = (Tmin*250*7.814+5000*14.186)/22; 
                Emax = (Tmax*250*7.814+5000*14.186)/22; 
                s1=sprintf('%4.2f,0.3,%4.2f',Emin,Tmin); 
                s2=sprintf('%4.2f,0.3,%4.2f',Emax,Tmax); 
                fprintf(fo,'%s\n',s1); 
                fprintf(fo,'%s\n',s2); 
            end 
       end 
       if length(temp_line) > 22 && (found1 == 1) 
          search_string = temp_line(1:23); 
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            if strcmp('*Mohr Coulomb Hardening',temp_line(1:23)) == 1 
                found1 = found1 + 1; 
                fgets(fa); 
                Cmin = (Tmin*7.814+14.186)/22; 
                Cmax = (Tmax*7.814+14.186)/22; 
                s3=sprintf('%4.2f,0,%4.2f',Cmin,Tmin); 
                s4=sprintf('%4.2f,0,%4.2f',Cmax,Tmax); 
                fprintf(fo,'%s\n',s3); 
                fprintf(fo,'%s\n',s4); 
            end 
       end 
       if length(temp_line) > 36 && (found1 == 2) 
          search_string = temp_line(1:37); 
            if strcmp('*Initial Conditions, type=TEMPERATURE',temp_line(1:37)) == 1 
                found1 = found1 + 1; 
                fgets(fa); 
                while i<p 
                s5=sprintf('Part-1-1.%4.f, %4.2f',ND(1,i),M(i,1)); 
                fprintf(fo,'%s\n',s5); 
                i=i+1; 
                end 
            end 
       end 
       temp_line = fgets(fa); 
       fprintf(fo, '%s',temp_line); 
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    end 
    fclose(fo); 
    fclose(fa); 
      
  n=n+1; 
end 
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(c) Distribution patterns in the lateral deformation data generated from Monte 
Carlo simulations for different analysis cases, along with their best fitted 
normal and lognormal probability density functions.  
PFOS=1, COV= 0.3 and θ = 0 m 
 
PFOS=1, COV= 0.3 and θ = 0.5 m 
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PFOS=1, COV= 0.3 and θ = 1 m 
 
PFOS=1, COV= 0.3 and θ = 2 m 
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PFOS=1, COV= 0.3 and θ = 4 m 
 
PFOS=1, COV= 0.5 and θ = 0 m 
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PFOS=1, COV= 0.5 and θ = 0.5 m 
 
PFOS=1, COV= 0.5 and θ = 1 m 
 
A-24 
 
PFOS=1, COV= 0.5 and θ = 2 m 
 
PFOS=1, COV= 0.5 and θ = 4 m 
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PFOS=1, COV= 0.7 and θ = 0 m 
 
PFOS=1, COV= 0.7 and θ = 0.5 m 
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PFOS=1, COV= 0.7 and θ = 1 m 
 
PFOS=1, COV= 0.7 and θ = 2 m 
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PFOS=1, COV= 0.7 and θ = 4 m 
 
PFOS=1.2, COV= 0.3 and θ = 2 m 
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PFOS=1.2, COV= 0.5 and θ = 2 m 
 
PFOS=1.2, COV= 0.7 and θ = 2 m 
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PFOS=1.5, COV= 0.3 and θ = 2 m 
 
PFOS=1.5, COV= 0.5 and θ = 2 m 
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PFOS=1.5, COV= 0.7 and θ = 2 m 
 
PFOS=2, COV= 0.3 and θ = 2 m 
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PFOS=2, COV= 0.5 and θ = 2 m 
 
PFOS=2, COV= 0.7 and θ = 2 m 
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